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USES OF DNA-PK 

This application claims the benefit of U.S. Provisional 
application No. 60/091,181, filed June 30, 1998, the 
content of which is hereby incorporated by reference. 

The invention disclosed herein was made with Government 
support under NIH Grant Nos . CA-31397, CA-56909 and CA- 
78497 from the Department of Health and Human Services. 
Accordingly, the U.S. Government has certain rights in 
this invention. 

Within this application publications are referenced 
within parentheses. Full citations for these references 
may be found at the end of each series of experiments. 
The disclosures of these publications in their entireties 
are hereby incorporated by reference into this 
application in order to more fully describe the state of 
the art to which this invention pertains. 

Background of the Invention 

Two distinct processes involving DNA double-strand breaks 
(DSB) have been identified in mammalian cells: the repair 
of DNA damage induced by ionizing radiation and V(D)J 
recombination during T- and B-cell development. So far, 
all mammalian cell mutants defective in DNA DSB repair 
share the common phenotype of hypersensitivity to 
radiation, and impaired ability to undergo V(D)J 
recombination (1-6). Cell fusion studies using DSB repair 
mutants of human-rodent somatic hybrids have defined four 
complementation groups: 1R4, 1R5, IR6, and IR7. Genetic 
and biochemical analyses have revealed that cells of IR5 
(e.g., xrs-6) and IR7 (e.g., scid) are defective in 
components of the DNA- dependent protein kinase (DNA-PK) 
(2, 7-9). DNA-PK is a serine/threonine kinase comprised 
of a large catalytic subunit (DNA-PK ) and a DNA- 
targeting component termed Ku, which itself is a 
heterodimer of a 70-kDa (Ku70) and a 86-kDa (Ku80) 



-2- 

polypeptide (10-12) . Recently, DNA-PK^ has been shown to 
be the gene responsible for the murine scid (severe 
combined immunodeficiency) defect (13-15) ; and Ku80 has 
been identified to be XRCC5 (16-18) , the X-ray-repair 
5 cross -complementing gene for IRS. KuSO knockout mice were 

found to exhibit severe combined immunodeficiency/ 
defective processing of V(D)J recombination 
intermediates, and growth retardation (19, 20). 

Though KulO has been designated as XRCC6 (7, 8) and is an 

10 important component of the DNA-PK complex, the function 

of Ku7 0 in vivo is hitherto unknown. To define the role 
of Ku70 in DNA repair and V(D)J recombination, we 
targeted the Ku70 gene in mice. KulO homozygotes exhibit 
proportional dwarfism, a phenotype of KuSO-/-, but not of 

15 scid mice. Absence of Ku70 confers hypersensitivity to 

ionising radiation and deficiency in DNA DSB repair, 
which are characteristics of both Ku80-/~ and scid mice. 
Surprisingly, in contrast to KuSO-/- and scid mice, in 
which both T- and B- lymphocyte development are arrested 

20 at early stage, lack of Ku70 is compatible with T cell 

receptor gene recombination and the development of mature 
CD4 + CD8" and CD4"CD8 + T cells. Our data, for the first 
time, provide direct evidence supporting that Ku70 plays 
an essential role in DNA DSB repair, but is not required 

25 for TCR gene recombination. These results suggest that 

distinct but overlapping repair pathways may mediate DSB 
repair and V(D)J rejoining; furthermore, it suggests the 
presence of a Ku7 0- independent rescue pathway in TCR 
V(D)J recombination. The distinct phenotype of Ku70-/~ 

3 0 mice should make them valuable tools for unraveling the 

mechanism (s) of DNA repair and recombination. 

Ku is a complex of two proteins, Ku70 and Ku80, that 
functions as a heterodimer to bind DNA double-strand 
breaks (DSB) and activate DNA-dependent protein kinase 
35 (DNA-PK) . The role of the Ku70 subunit in DNA DSB 



repair, hypersensitivity to ionizing radiation and V(D)J 
recombination was examined in mice that lack Ku70 
(Ku70-/-) . Like Ku80-/- mice, KU70"'" mice showed a 
profound deficiency in DNA DSB repair and were 
proportional dwarfs. Surprisingly, in contrast to KuGO"-'" 
mice, in which both T- and B-lymphocyte development were 
arrested at early stage, lack of Ku70 was compatible with 
T cell receptor gene recombination and the development of 
mature CD4 + CD8" and CD4"CD8 + T cells. Our data shows, for 
the first time, that Ku70 plays an essential role in DNA 
DSB repair, but is not required for TCR V(D) J 
recombination. These results suggest that distinct but 
overlapping repair pathways may mediate DNA DSB repair 
and V(D)J recombination. 
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Summary of the Invention 

This invention provides a method for increasing the 
susceptibility of a cell to DNA-damaging agents, 
comprising introducing into the cell an antisense 
oligonucleotide that specifically hybridizes to a nucleic 
acid encoding a DNA dependent protein kinase subunit so 
as to prevent expression of the DNA dependent protein 
kinase subunit; wherein the antisense oligonucleotide is 
in an amount sufficient to increase the sensitivity of 
the cell to heat; chemical, or radiation- induced DNA 
damage; and wherein the DNA dependent protein kinase 
subunit is a DNA dependent protein kinase catalytic 
subunit, a Ku7 0, or a Ku8 0. 



This invention also provides a method of treating a tumor 
in a subject, comprising administering to the subject an 
antisense oligonucleotide that specifically hybridizes to 
a nucleic acid encoding a DNA dependent protein kinase 
subunit so as to prevent expression of the DNA dependent 
protein kinase subunit; wherein the antisense 
oligonucleotide is in an amount sufficient to increase 
the sensitivity of the tumor to heat, chemical or 
radiation- induced DNA damage; and wherein the DNA 
dependent protein kinase subunit is a DNA dependent 
protein kinase catalytic subunit, a Ku70, or a Ku80. 

In addition, this invention provides a method for 
treating cancer in a subject, comprising: introducing 
into the subject an expression vector comprising a heat 
shock promoter and an antisense oligonucleotide that 
specifically hybridizes to a nucleic acid encoding a DNA 
dependent protein kinase subunit so as to prevent 
expression of the DNA dependent protein kinase subunit; 
and inducing expression of the antisense oligonucleotide, 
wherein the antisense oligonucleotide is in an amount 
sufficient to increase the sensitivity of the cell to 
heat, chemical, or radiation- induced DNA damage; and 
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wherein the DNA dependent protein kinase subunit is a DNA 
dependent protein kinase catalytic subunit, a Ku70, or a 
Ku8 0 . 

This invention provides an antisense oligonucleotide that 
specifically hybridizes to a nucleic acid encoding a DNA 
dependent protein kinase subunit, wherein the DNA 
dependent protein kinase subunit is a DNA dependent 
protein kinase catalytic subunit, Ku70, or Ku80, so as to 
prevent expression of the DNA dependent protein kinase 
subunit . 

This invention provides a pharmaceutical composition 
comprising the the above -described antisense 
oligonucleotides and a carrier. 
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Brief Description of the Figures 

Figure 1 

Inactivation of Ku70 by homologous recombination. (A) 
Diagrammatic representation of the Ku70 locus (top) , the 
targeting construct (middle) , and the targeted allele and 
hybridization probe (bottom) . EcoRI restriction sites 
used to detect the targeted gene are indicated (21) . (B) 
Southern blot of EcoRI -digested tail DNA from control 
wild type (WT) , heterozygous ( + /-) and homozygous (-/-) 
Xu70- targeted mice. The wild- type and mutant fragments 
are 13 and 5.7 kb respectively. (C) Western blot 
analysis showing that Ku70 protein is not expressed in 
Ku70-/- cells. Whole-cell lysates prepared from mouse ear 
fibroblasts (50 fig) and mouse embryo fibroblasts (100 fig) 
were separated by 10% SDS-PAGE, transferred to a 
nitrocellulose membrane, and probed with polyclonal 
antibodies against full-length rodent Ku80 (top) and Ku70 
(bottom) , respectively. (D) Gel mobility shift assay 
(22) showing the lack of DNA-end binding activity in 
Ku70-/- cells. Ku-DNA binding complex is indicated by 
arrow on the right * 



Figure 2 

Development of B lymphocyte, but not T lymphocyte, is 
blocked at an early stage in Ku70-/- mice. (A) Histology 
of thymus (Thy) , lymph nodes (LN) and spleens (Spl) from 
wild type control mice, Ku70-/- mice, and Ku80-/~ mice 
(23) . Cortex (C) and medulla (M) are indicated. W, white 
pulp; R, red pulp; GC, germinal center. Panels a to i , 
tissue sections were stained with haematoxylin and eosin 
(HE); panels j to 1 , tissue sections were stained with 
anti-CD3 (CD3) ; and panels m to o, tissues were stained 
with anti-CD19 (CD19) . Anti-CD3 and anti-CD19 antibodies 
were tested in both frozen and paraffin sections of wild- 
type lymphoid organs and showed the expected specific 
patterns of staining. (B) Flow cytometric analysis of 
thymocytes (Thy) bone marrow (BM) and spleen (Spl) cells 
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from Ku70-/~ mice, itu70+/+ littermates, and Ku80-/- mice. 
CD4, anti-CD4 monoclonal antibody; CD8 , anti-CD8 
monoclonal antibody; B220, anti-B220 monoclonal antibody; 
CD43, anti-CD43 monoclonal antibody; IgM, anti-lg^u-heavy- 
chain monoclonal antibody. The data were gated for live 
lymphoid cells based on forward and side scatter 
properties; 10,000-20,000 cells were analyzed per sample. 
(C) Analysis of TCR3 chain expression in Ku70-/- mice. 
Thymocytes and spleen cells were obtained from Ku70-/-, 
Ku80-/~r and wild type littermates and analyzed for 
expression of CD4 , CD 8 and TCR(3 by 3 -color flow 
cytometry. The TCR£ expression of both CD4* and CD8 + 
single-positive T cells were shown. 



Figure 3 

T-cell antigen receptor and immunoglobulin gene 
rearrangement in Ku70-/- mice. (A) Recombination of 
V558L, V7183 to DJ H , and D H to J H gene segments (26) . 100 
ng DNA was used for Ku70-/- (lanes 7 and 8) , Ku80-/- 
( lanes 1, 2, and 3), and SCID mice (lanes 4, 5, and 6), 
and 1, 10 and 100 ng for WT mice (lanes 9-11} . For IVS 
controls, DNA was diluted 100-fold before PCR. (B) PCR 
analysis of TCR gene rearrangements. Thymus DNA was 
assayed for recombination of V38-J(32 and D62 to J6l 
rearrangements (20, 27, 28). 100 ng DNA was used for 
Ku70-/~ (lanes 2 and 7) , Ku80~/~ (lane 1) , and Ku70+/- 
mice (lane 7) and 1, 10 and 100 ng for WT mice (lanes 4- 
6) . Controls include a 1-kb germline interval amplified 
in the D62 to J 61 intervening region (germline) , and a 
non-recombining segment of the Ig locus between J H and 
Cl. The same thymus DNA samples were examined for V(58-J£2 
and D62 to J5l recombination. Abbreviations: DJ H , D H to 
J rearrangements; V7183J H and V558LJ H> V7183 and V558L to 
DJ U rearrangements (26); V£8J32.1 to V38-J32.6, V£8 to 
DJ£2 rearrangements (28) germline, unrecombined DNA from 
the D62 to J61 interval; D62J61, D62 to J6l 
rearrangements (20, 27); IVS, non-recombining segment of 



the Ig locus between J H and C H 1 (26). Multiple lanes 
underneath each genotype label {Ku70-/- , Ku80-/~ , and 
SCID) represent different individual animals. 

Figure 4 

Disruption of Ku70 confers radiation hypersensitivity and 
a deficiency in DNA DSB repair. (A) Radiation survival 
curves for the granulocyte /macrophage colony- forming 
units (CFU-GM) in the bone marrow of wild type (WT) , 
Ku70-/- , and Ku80-/- mice(30, 32). (B) Deficiency in the 
repair of radiation- induced DSB in Ku70-/~ and Ku80-/- 
cells (31) . Upper panel shows rejoining of DNA DSB 
produced by 40 Gy X-ray; (C) Induction of DNA DSB as a 
function of the radiation dose in WT, Ku70-/- and Ku80-/~ 

cells. Symbols are * for WT, ▲ for Ku70-/- f and ■ for 
Ku80~/- cells, respectively. 

Figure 5 

Disruption of the Ku70 locus in mouse ES cells and 
generation of Ku70-/- mice. (A) Diagrammatic 
representation of the Ku70 locus (top) , the targeting 
construct (middle) , the targeted allele (bottom) and the 
PCR primers. EcoRI (E) restriction sites used to detect 
the targeted genes are indicated. (B) PCR analysis of 
tail DNA from iCu70+/+, Ku70+/-, and Ku70-/~ mice. The 
wild type sequence which was amplified using HO-4/HO-3 
primers was not present in Ku70-/- mouse tail while the 
disrupted sequence primed by HO-4/HO-2 was not expressed 
in Ku70+/+ mouse. (C) Postnatal growth of Xu70+/+ and 
Ku70-/- littermates. Average weights of seven animals 
from each genotype are plotted against time. There was no 
significant difference in the body weight between Ku70+/+ 
and JCu70+/- mice. (D) Photograph of 5 -week-old Ku70+/+ 
and Ku70-/- littermates. 



Figure 6 



II 
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Survival curves of Ku70+/+, Ku70+/-, and Ku70-/- mice. 
Sample sizes used for the statistical analysis (Kaplan 
and Meier, 1958) are: n (+/+) = 102, n (+/-) = 326, and n 
<-/-) = 185. 

Figure 7 

Histological analysis of the spontaneous tumors that 
developed in Ku70-/- mice. {A & D) Photomicrographs of 
sections of a thymic lymphoma processed as follows: (A) , 
hematoxylin and eosin staining; (D) , positive 
immunohistochemical surface staining against T-cell 
surface marker CD3 . (B, C, E and F) Photomicrographs of 
sections of lung tissues showing tumor involvement. (B) 
and (C) , hematoxylin and eosin; (E) and (F) , positive 
immunohistochemical surface staining against T-cell 
surface marker CD3 . B, bronchial lumen; V, blood vessel. 
(G) Flow cytometric analysis of tumor cells. Cells were 
labeled with PE-conjugated anti-CD4 and FITC-conjugated 
anti-CD8 antibodies. Original magnifications: A, C, D and 
F, 400 x; B and E, 100 x. 

Figure 8 

Neoplastic transformation of Ku70-/- early-passage mouse 
ear fibroblasts (MEFs) . (A) Focus -formation assay. (B) 
Morphology of transformed foci (type III) . (C) Colony- 
formation assay in soft agar. Left, wild type (Ku7 0* /+ ) 
MEFs untrans formed; middle left, Ku70-/- MEFs 
untransf ormed; middle right (focus Tl) , cells from a 
focus produced by spontaneous transformation of Ku70-/- 
MEFs (passage 7) ; and right (focus C2) , cells from a 
focus produced by transformation of E6/E7 co- transf ected 
Ku70 _/ " MEFs. Cells from other randomly chosen foci were 
also able to produce colonies in soft agar. 

Figure 9 

Radiation sensitivity of Ku70-/- fibroblasts and Ku70 _/ * 
mice. (A) Ku70-/- and wild-type Ku70+/+ primary ear 
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fibroblasts (passage 7) were exposed to graded doses of 
y-irradiation. Ku70-def icient cells show significantly 
decreased ability to form colonies after ionizing 
radiation as compared with the wild- type ceils. (B) 
Survival of Ku70-/- and wild- type mice irradiated with 
4 00 cGy. Five adult mice (4 months old) from each 
genotype were irradiated simultaneously and monitored for 
2 weeks. Whereas all of the wild-type mice survived, 100% 
of the Ku70-/- mice died within this period. 

Figure 10 

Histological appearance of segmental gastrointestinal 
abnormalities of Ku70-/- mice. Gastrointestinal tissues 
from a three -month -old Ku70-/- mouse were stained with 
hematoxylin and eosin and photographed. (A) Normal 
appearance of the intestine showing the presence of 
ganglions (400x) . (B) Section of intestine from the same 
animal showing absence of ganglion neurons (400x) , (C) At 
a lower magnification (lOOx) segmental aganglionosis that 
developed in a Ku70-/- mouse is demonstrated. The left 
portion of the specimen shows complete absence of 
ganglion neurons. This phenotype is associated with the 
effacement of the typical morphology of the intestinal 
villi, dilation of intestinal lumen, and denudation of 
the mucosa, as well as segmental distention of the 
intestine. In contrast, the right portion of the specimen 
shows a normal appearance as observed in the wild- type 
littermates . 

Figure 11 

Ku70 alteration in human tumors. Immunohistochemical 
analysis of Ku70 expression in human T-cell lymphomas. 
(A-C) , B-cell lymphomas (D-F) and in human normal spleen 
(G) . The photomicrograph of the spleen (paraffin) 
illustrates the nuclear staining against Ku70 (G) . (A) 
Photomicrograph illustrating a T-cell lymphoma (sample 
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#T2 - paraffin) with positive nuclear staining against 
Ku70, (B and C) Photomicrographs of T-cell lymphomas 
(samples #713 and T9 - paraffin and frozen, respectively) 
showing negative immunohistochemical staining against 
Ku70. In panel (C) , the arrows point to endothelial cel"!^ 
with positive nuclear staining for Ku7 0, which served as 
internal positive controls. (D) Photomicrograph 
illustrating a B-cell lymphoma (sample #B4 - paraffin) 
with positive nuclear staining against Ku70. (E) 
Photomicrograph of a B-cell lymphoma (sample #B8 - 
paraffin) showing negative immunohistochemical staining 
against Ku70. (F) Photomicrograph of a B-cell lymphoma 
(sample #B9 - frozen) showing cytoplasmic staining of 
Ku70. Original magnification: A to G, 400x. (H) 
Representative PCR-SSCP analysis. Lane 3 illustrates the 
Ku70 band shift identified by PCR-SSCP corresponding to 
sample #T3 . Lane 1, internal control (normal); lane 2, 
tumor corresponding to sample #T8, showing no band shift. 
Direct sequencing results of the PCR product obtained 
from tumor sample #T3 are shown below. The single base 
pair substitution (ACA-*ATA) was found to be tumor- 
specific (absent in normal tissue) affecting codon 292, 
changing a threonine to isoleucine. (I) Representative 
RT-PCR direct sequencing from a T-cell lymphoma (sample 
#T3) and its corresponding normal tissue. Single base 
substitutions are indicated at codons 4 52 (ATC~*GTC) and 
453 (ATG-^ACG) , changing isoleucine to valine and 
methionine to threonine, respectively. These alterations 
were found to be tumor -specific and were absent in normal 
tissue. (J) Representative RT-PCR direct sequencing from 
a neuroblastoma (sample #N10) and its corresponding 
normal tissue. Single base substitutions are indicated at 
codon 53 0 (TAC^CAC) and codon 52 9 ( GTT-»GTC ) , changing 
tyrosine to histidine at codon 53 0, and producing a 
silent mutation at codon 529 (valine to valine) , 
respectively. These mutations were also found to be 
tumor -specific and were absent in corresponding normal 
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tissue . 



Figure 12 

Effect of (A) radiation, <B) bleomycin, (C) Adriamycin, 
and (D) Etoposide cn Ku70 and Ku80 deficient mouse cells. 



Figure 13 

Effect of (A) radiation, and (B) adriamycin on different 
cell types. o = HeLa controls cells; ■ = HeLa cells 
expressing antisense Ku70; A - HeLa cell expressing 
antisense Ku80. 



Figure 14 

Nucleotide sequences of V38D£2 . 1 J(B2 . 6 junctions from the 
thymus of a 4 week old Ku70-/~ mouse. Products 
corresponding to V(J8.1, V"38,2 or V38.3 rearrangement with 
J32 . 6 were cloned and sequenced. TCR V38-J32 joints were 
amplified by PCR (20, 27, 28) as described (see Fig. 3B) . 
PCR cycling conditions were 94°C for 45", 68°C for 30", 
and 72 °C for 3 0" (30 cycles) . The band corresponding to 
V{38-J|32.6 was purified, reamplified for 20 cycles and 
then subcloned into the pCRII vector (Invitrogen) . DNA 
was extracted from individual colonies and sequenced 
using the universal T7 and Ml 3 reverse primers, Germline 
sequences are written in bold case, 'N' and 'P' denote 
nucleotides not present in the germline sequences. 



Fig. 15 

Inactivation of DNA-PKcs by homologous recombination. (A) 
Schematic diagram of the murine DNA-PKcs locus from exon 
1 to 10 and hybridisation probe (top) , the targeting 
construct (middle), and the targeted allele. BamHI (B) , 
EcoRI (E) and Hindlll(H) restriction sites are indicated. 
(B) Southern blot of the BamHI -digested tail DNA from 
control wild- type (WT) , heterozygous (+/-) and homozygous 
(-/-) DNA-PKcs -targeted mice. The wild-type and mutant 
fragments are 10 and 2.2 kb respectively. (C) RT-PCR of 
5'- (exon 1-4) and 3'- (PI-3 kinase domain) regions of 
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DNA-PKcs RNA from wild type, DNA-PKcs targeted; and SCID 
mouse cells. Total RNA was isolated from SV40 transformed 
lung fibroblast cells. PCR reactions were performed with 
(+) or without {-) reverse transcriptase (RT) . RT-PCR 
for GAPDH was performed to ensure the RNA integrity. (D) 
Western blot analysis of the various cells. Whole cell 
extracts were prepared from primary and SV40 transformed 
lung fibroblast cells. Anti-DNA-PKcs monoclonal antibody 
and anti-Ku70 polyclonal antibody were used for 
detection. Note that there is another gene, MCM4 , which 
is located about 700 bp upstream of DNA-PKcs . The 
transcription of DNA-PKcs and MCM4 are independently 
controlled by two distinct promoters located in this 700 
bp region. We have carefully designed the DNA-PKcs 
knockout vector in exon 3, which is about 10 kb away from 
the promoter region, thus to avoid any possibility of 
interf erring with the expression of MCM4 gene. 
Furthermore; we have also shown that truncated DNA-PKcs 
mRNA is expressed in DNA-PKcs-/- mice, confirming that 
the promoter region of the DNA-PKcs gene is not affected 
by our knockout construct. 

Fia. 16 

Development of lymphocytes is blocked at early stages in 
DNA-PKcs- / - mice. (A) Histological analysis of thymus 
(Thy) , spleen (Spl) .and lymph node (LN) from wild type 
and DNA-PKcs-/- mice (x 200 magnification) . Tissue 
sections were stained with hematoxylin and eosin. In 
tissue samples from DNA-PKcs-d&t icient mice, we observed 
effacement of normal histology and replacement by 
immature cells. The abbreviations are as follows: C, 
cortex; M, medulla; W, white pulp; R, red pulp; GC, 
germinal center. (B) Flow cytometric analysis of cells 
from the thymus (Thy) , bone marrow (BM) and spleen (Spl) 
for the presence of precursor and mature T cells and B 
cells. Thymocytes and splenocytes were stained with 
f luorochrome- conjugated antibodies to CD4 and CDS; 



splenocytes and bone marrow cells were stained with 
fluorochrome- conjugated antibodies to B220 and igM or 
CD43 . Profiles shown are representative results from a 
4- to 5-week-old DNA-PKcs- / - mouse, its heterozygous 
littermate, and an age-matched CB-17 SCID mouse. (C) TCP. 
and Immunoglobulin gene rearrangement in DNA-PKcs-/- 
mice, (a) TCRj3 rearrangement by PCR analysis. Thymus and 
Spleen DNA were assayed for recombination of V £ 8-J & 2.6. 
Both the quantity and the diversity of TCR & rearrangement 
were reduced in DNA-PKcs-/- and SCID mice, (b) Coding 
joint of TCR & rearrangement. Thymus and spleen DNA were 
assayed for recombination of D 5 2-J^l. (c) Signal joint of 
TCR S rearrangement. Thymus DNA was assayed for D^2-J 5 1 
circular signal joint products. There is more amplified 
signal for both DNA-PKcs-/- and SCID mice than 
heterozygous control mice, (e) Immunoglobulin heavy chain 
rearrangement by PCR analysis. Bone marrow (BM) and spleen 
DNA were used for recombination of V H 7183-J H 4. 
Rearrangement in DNA-PKcs- / - and SCID is severely reduced 
in both BM and spleen, (d) and (f ) Control GAPDH 
amplification from thymus, spleen and bone marrow (BM) 
DNA. DNA (100, 10 or 1 ng) from the thymus, spleen and 
bone marrow (BM) or a 5-week-old DNA~PKcs+/- mouse (lane 
1-3) , of a 9-week-old DNA-PKcs+/~ mouse (lane 4-6) , and 
100 ng DNA of three individual DNA-PKcs- / - mice (lane 
7-9) and three individual SCID mice (lane 10-12) . 
DNA-PKcs- /- and SCID mice analyzed were also between 4-9 
weeks of age. 

Fig. 17 

Radiation dose response of DNA-PKcs-/- cells. Clonogenic 
survival were measured on SV4 0- trans formed mouse lung 
fibroblasts irradiated with graded doses of ionizing 
radiation. DNA-PKcs-/- cells show similar sensitivity tp 
ionizing radiation as SCID and are much more sensitive 
than wild type ( + / + ) and heterozygous ( + /-) cells. 



Fig . 18 
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Preneoplastic lesions in DNA-PKcs-/- mice. Intestinal 
tissue samples from 6-week to 6-month old DNA-PKcs-/- 
mice were sectioned; stained with hematoxylin and eosin 
and photographed. (A) Section of intestinal tissue 
showing inflammation and mild epithelial hyperplasia 
(xlOO magnification) . (B) Photomicrograph of colonic 
mucosa showing crypt hyperplasia with mild to moderate 
dysplasia (x200 magnification) . (C) Adenomatous polyp o 
the colon showing areas of severe dysplasia (x4 00 
magnification) . (D) 'Aberrant crypt foci along the 
intestinal mucosa showing severe dysplasia (x4 00 
magnification) . (E) Section of intestinal tissue from a 
wild- type mouse showing normal morphology (x 250 
magnification) . 
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Detailed Description of the Invention 

This invention provides a method for increasing the 
susceptibility of a cell to DNA-damaging agents, 
comprising introducing into the cell an antisense 
5 oligonucleotide that specifically hybridizes to a nucleic 

acid encoding a DNA dependent protein kinase subunit so 
as to prevent expression of the DNA dependent protein 
kinase subunit; wherein the antisense oligonucleotide is 
in an amount sufficient to increase the sensitivity of 
10 the cell to heat, chemical, or radiation- induced DNA 

damage; and wherein the DNA dependent protein kinase 
subunit is a DNA dependent protein kinase catalytic 

.vr-;; 

*i subunit, a Ku7 0; or a Ku8 0. 



Methods to introduce a nucleic acid into cells have been 
15 well known in the art. Naked nucleic acid may be 

introduced into the cell by direct transformation. 
Alternatively, the nucleic acid molecule may be embedded 
in liposomes. Accordingly, this invention provides the 
above methods wherein the nucleic acid is introduced into 
20 the cells by naked DNA technology, adenovirus vector, 

adeno-associated virus vector, Epstein-Barr virus 
vector, Herpes virus vector, attenuated HIV vector, 
retroviral vectors, vaccinia virus vector, liposomes, 
antibody-coated liposomes, calcium phosphate 
25 coprecipitation, mechanical or electrical means (i.e. 

electroporation) . The above recited methods are merely 
served as examples for feasible means of introduction of 
the nucleic acid into cells. Other methods known may be 
also be used in this invention. 

30 This invention also provides the above-described method, 

wherein the antisense oligonucleotide is enclosed in a 
liposome prior to introduction into the cell. 



This invention also provides a method of treating a tumor 
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in a subject, comprising administering to the subject an 
antisense oligonucleotide that specifically hybridizes to 
a nucleic acid encoding a DNA dependent protein kinase 
subunit so as to prevent expression of the DNA dependent 
protein kinase subunit; wherein the antisense 
oligonucleotide is in an amount sufficient to increase 
the sensitivity of the tumor to heat, chemical or 
radiation- induced DNA damage; and wherein the DNA 
dependent protein kinase subunit is a DNA dependent 
protein kinase catalytic subunit, a Ku70, or a Ku80. 

As used herein, administering may be effected or 
performed using any of the various methods known to those 
skilled in the art. The administering may comprise 
administering intravenously. The administering may also 
comprise administering intramuscularly. The 
administering may further comprise administering 
subcutaneously . The administering may also comprise 
administering orally . 

This invention also provides the above -described method, 
wherein the antisense oligonucleotide is enclosed in a 
liposome prior to being administered to the subject. 

This invention further provides the above -described 
methods, wherein the administering to the subject an 
antisense oligonucleotide comprises: administering to 
the subject an expression vector for the antisense 
oligonucleotide; and inducing the expression of the 
antisense oligonucleotide . 

Numerous vectors for expressing the inventive proteins 
may be employed. Such vectors, including plasmid 
vectors, cosmid vectors, bacteriophage vectors and other 
viruses, are well known in the art. For example, one 
class of vectors utilizes DNA elements which are derived 
from animal viruses such as bovine papilloma virus, 
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polyoma virus, adenovirus, vaccinia virus, baculovirus ; 
retroviruses (RSV, MMTV or MoMLV) , Semliki Forest virus 
or SV40 virus. Additionally, cells which have stably 
integrated the DNA into their chromosomes may be selected 
by introducing one or more markers which allow for the 
selection of transfected host cells. The markers may 
provide, for example, prototrophy to an auxotrophic host, 
biocide resistance or resistance to heavy metals such as 
copper. The selectable marker gene can be either 
directly linked to the DNA sequences to be expressed, or 
introduced into the same cell by cotransf ormat ion . 
Regulatory elements required for expression include 
promoter sequences to bind RNA polymerase and 
transcription initiation sequences for ribosome binding. 
Additional elements may also be needed for optimal 
synthesis of mRNA. These additional elements may include 
splice signals, as well as enhancers and termination 
signals. For example, a bacterial expression vector 
includes a promoter such as the lac promoter and for 
transcription initiation the Shine-Dalgarno sequence and • 
the start codon AUG: Similarly, a eukaryotic expression 
vector includes a heterologous or homologous promoter for 
RNA polymerase II, a downstream polyadenylation signal, 
the start codon AUG, and a termination codon for 
detachment of the ribosome. Such vectors may be obtained 
commercially or assembled from the sequences described by 
methods well known in the art, for example the methods 
described above for constructing vectors in general . 

These vectors may be introduced into a suitable host cell 
to form a host vector system for producing the inventive 
proteins. Methods of making host vector systems are well 
known to those skilled in the art. 

Suitable host cells include, but are not limited to, 
bacterial cells (including gram positive cells) , yeast 
cells, fungal cells, insect cells and animal cells. 
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Suitable animal cells include, but are not limited to 
HeLa cells, Cos cells, CV1 cells and various primary 
mammalian cells. Numerous mammalian cells may be used as 
hosts, including, but not limited to, the mouse 
5 fibroblast cell NIH-3T3 cells, CKO cells, HeLa cells, Ltk 

cells and COS cells. Mammalian cells may be transfected 
by methods well known in the art such as calcium 
phosphate precipitation, electroporation and 
microinj ect ion . 
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In an embodiment, inducible promoters may be fused with 
the coding region of. the DNA to provide an experimental 
means to regulate expression. Alternatively or in 
addition, tissue specific regulatory elements may be 
fused with the coding region to permit tissue-specific 
expression . 

This invention provides the above -described methods, 
further comprising administering to the subject one or 
more DNA -damaging agents. 
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This invention also provides the above-described methods, 
wherein the DNA-damaging agents are adriamycin, 
bleomycin, or etoposide . 



This invention further provides the above-described 
methods, wherein the DNA-damaging agents induce double 
strand breaks . 



25 This invention also provides a method for treating cancer 

in a subject, comprising: introducing into the subject 
an expression vector comprising a heat shock promoter and 
an antisense oligonucleotide that specifically hybridizes 
to a nucleic acid encoding a DNA dependent protein kinase 

3 0 subunit so as to prevent expression of the DNA dependent 

protein kinase subunit; and inducing expression of the 
antisense oligonucleotide, wherein the antisense 
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oligonucleoticie is in an amount sufficient to increase 
the sensitivity of the cell to heat, chemical, or 
radiation-induced DNA damage; and wherein the DNA 
dependent protein kinase subunit is a DNA dependent 
protein kinase catalytic subunit, a Ku70, or a Ku80. 

In an embodiment , the heat shock promoter may have some 
activity at 3 7°C but will become more active at some 
higher temperature (i.e. 45°C) . In another embodiment the 
heat shock promoter may have no activity at 3 7°C but will 
become active at some higher temperature (i.e. 43°C) . 

This invention also provides the above-described methods, 
wherein the antisense oligonucleotide is introduced 
selectively at sites of cancer. 

Sites of cancer include sites at or near cells exhibiting 
a malignant transformation phenotype . 

This invention provides the above-described methods, 
further comprising directing heat, radiation, or 
chemotherapy at sites of cancer. 

This invention further provides the above-described 
methods, further comprising applying electric field 
energy to sites of cancer. 

This invention also * provides the above -described methods, 
wherein the electric field energy comprises 
radiof requency radiation. 

This invention provides the above-described methods, 
further comprising implanting a reservoir of 
chemother apeutic agents near sites of cancer, wherein the 
chemotherapeutic agents are releasable over a period of 
time of at least eight hours. 
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In an embodiment, the chemotherapeutic agents are 
encapsulated before implantation. 

This invention provides an antisense oligonucleotide that 
specifically hybridizes to a nucleic acid encoding a DNA 
dependent protein kinase subunit, wherein the DNA 
dependent protein kinase subunit is a DNA dependent 
protein kinase catalytic subunit, Ku70, or Ku8 0, so as to 
prevent expression of the DNA dependent protein kinase 
subunit . 

This invention also provides the above -described 
antisense oligonucleotide linked to a substance which 
inactivates mRNA . 

In addition, this invention provides the above-described 
antisense oligonucleotides, wherein the substance which 
inactivates mRNA is a ribozyme. 

This invention provides the above-described antisense 
oligonucleotides linked to a regulatory element. 

Regulatory elements include, but are not limited to, 
promoter sequences to bind RNA polymerase and 
transcription initiation sequences for ribosome binding. 
Additional elements may also be needed for optimal 
synthesis of mRNA. These additional elements may 
include, but are not limited to, splice signals, as well 
as enhancers and termination signals. 

This invention also provides the above-described 
antisense oligonucleotides, wherein the regulatory 
element is an inducible promoter. 



This invention provides the above -described antisense 
oligonucleotides, wherein the regulatory element is a 
heat shock promoter. 



In addition, this invention provides an expression vector 
adapted for the expression of the above -described 
antisense oligonucleotides . 

This invention also provides a pharmaceutical composition 
comprising any of the above -described antisense 
oligonucleotides and a carrier. 

Pharmaceutically acceptable carriers are well known to 
those skilled in the art and include, but are not limited 
to, 0.01-0.1M and preferably 0.05M phosphate buffer or 
0.8% saline. Additionally, such pharmaceutically 
acceptable carriers may be aqueous or non-aqueous 
solutions, suspensions, and emulsions. Examples of non- 
aqueous solvents are propylene glycol, polyethylene 
glycol, vegetable oils such as olive oil, and injectable 
organic esters such as ethyl oleate. Aqueous carriers 
include water, alcoholic/aqueous solutions, emulsions or 
suspensions, including saline and buffered media. 
Parenteral vehicles include sodium chloride solution, 
Ringer's dextrose, dextrose and sodium chloride, lactated 
Ringer's or fixed oils. Intravenous vehicles include 
fluid and nutrient replenishers , electrolyte replenishers 
such as those based on Ringer 7 s dextrose, and the like. 
Preservatives and other additives may also be present, 
such as, for example, antimicrobials, antioxidants, 
chelating agents, inert gases and the like. 

This invention further provides the above-described 
pharmaceutical composition, wherein the carrier is 
adapted for passage through a plasma cell membrane. 

This invention will be better understood from the 
examples which follow. However, one skilled in the art 
will readily appreciate that the specific methods and 
results discussed are merely illustrative of the 
invention as described more fully in the claims which 
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follow thereafter 
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Experimental Details 

First Series of Experiments 

MATERIAL AND METHODS 

Target Disruption of Ku70 and Generation of JCu70^mice 

Mouse genomic Ku70 gene was isolated from a sCos-I cosmid 
library constructed from a mouse strain 12 9 embryonic 
stem cell lines (21) . The replacement vector was 
constructed using a 1.5 kb 5'- fragment which contains the 
promoter locus with four GC-box and exon 1, and a 8 kb 
EcoRV-EcoRI fragment extending from intron 2 to mtron 5 
as indicated in Fig. la. Homologous replacement results 
in a deletion of 336-bp exon 2 including the 
translational initiation codon. 

The targeting vector was linearized with No tl and 
transfected into CJ7 embryonic stem (ES) cells by 
electroporation using a Bio-Rad Gene Pulser. Three 
hundred ES cell clones were screened, and 5 clones 
carrying the mutation in KnlO were identified by Southern 
blotting. Positive ES clones were injected separately 
into C57BL/6 blastocysts to generate chimeric mice. One 
clone was successfully transmitted through the germline 
after chimeras were crossed with C57 BL/ 6 females. 
Homozygous Ku70-/~ mice were generated by crossing 
Xu70+/- heterozygotes . 

The genotype of the mice was first determined by tail PCR 
analysis which distinguishes endogenous from the targeted 
Ku70 allele, and subsequently confirmed by Southern blot 
analysis. The PCR reaction contained 1 /ig genomic DNA; 
0.6 /zM (each) of primers HO-2: GGGCCAGCTCATTCCTCCACTCATG , 
HO- 3: CCTACAGTGTACCCGGACCTATGCC and HO -4 : CGGAACAGGACTG - 
GTGGTTGAGCC ; 0.2 mM (each) dNTP; 1 . 5 tnM MgCl 2 and 2 . 5 U of 
Taq polymerase. Cycling conditions were 94 °C for 1 min, 
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64°C for 1 man, 72°C for 1 min (30 cycles) , followed by 
an extension at 72 °C for 10 min. Primers HO-2 and HO-4 
give a product of the targeted allele that is -380 bp; 
primers HO-3 and HO-4 yield a wild type product of 407 
5 bp. 

Western Blot Analysis and Gel Mobility Shift Assay 

To confirm that the disruption of Ku70 produces a null 
mutation, Ku70 protein expression was measured by Western 
blotting using polyclonal antisera against intact mouse 

10 Ku70. The lack of Ku70 was also verified by a Ku-DNA-end 

binding assay (gel mobility shift analysis) . Cell 
extracts were prepared and gel mobility shift assays were 
performed as described (22) . Equal amounts of cellular 
protein (50 fig) from Ku70+/+ (WT) , Ku70+/-, and Xu70-/- 

15 mouse embryo fibroblasts were incubated with a 32 P- labeled 

double- stranded oligonucleotide, 5' - 

GGGCCAAGAATCTTCCAGCAGTTTCGGG-3 ' . The protein-bound and 
free oligonucleotides were electrophoretically separated 
on a 4.5% native polyacrylamide gel. Gel slabs are dried 

2 0 and autoradiographed with Kodak X-Omat film. 

Iromunohi s tochemi s try 

To determine the pathological changes, histological 
sections of various organs of Xu70-/-, Ku80-/- and wild 
type littermate mice were prepared and examined as 
25 previously described (23). Lymph nodes, spleens and 

thymuses from 4- to * 5-week-old mice were fixed in 10% 
buffered formalin and embedded in paraffin, or embedded 
in OCT compound (Miles Laboratories) and frozen in liquid 
nitrogen at -70°C. Sections (5 fim) were stained with 

3 0 hematoxylin and eosin, and representative samples were 

selected for immunohistochemical analysis. 
Immunophenotyping was performed using an avidin-biotin 
immunoperoxidase technique (24). Primary antibodies 
included anti-CD3 (purified rabbit serum, 1:1000, Dako) , 
35 anti-B220 (rat monoclonal, 1:1000, Pharmingen) anti-CD19 
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(rat monoclonal, 1:1000, Pharmingen) , and were incubated 
overnight at 4°C. Samples were subsequently incubated 
with biot inylated secondary antibodies (Vector 
Laboratories) for 30 min (goat anti-rabbit, 1:100; rabbit 
anti-rat/ 1:100), and then with avidin-biot in peroxidase 

(1:25 dilution, Vector Laboratories) for 3 0 min. 
Diaminobenzadine was used as the chromogen and 
hematoxylin as the counter stain. Wild type lymphoid 
organs including thymus, spleen and lymph nodes from 
different mice were used for titration of the antibodies 
and positive controls. Anti-CD3 and anti-CD19 antibodies 
were tested in both frozen and paraffin sections of wild- 
type lymphoid organs and showed the expected specific 
patterns of staining. For negative controls, primary 
antibodies were substituted with class -matched but 
unrelated antibodies at the same final working dilutions. 

Cell Preparation and Flow Cytometric Analysis 

For flow cytometry, single cell suspensions from lymphoid 
organs of 4- to 6-week-old mutant and littermate control 
mice were prepared for staining as described previously 

(19) and analyzed on a Becton Dickinson FACs Scan with 
Cell Quest software. Cells were stained with combinations 
of phycoerythrin- (PE) labeled anti-CD4, and fluorescein 

(FITC) -labeled anti-CD8, or PE labeled anti~B220, and 
FITC- labeled anti-CD43, or FITC anti-/z and PE anti-B220 

(Pharmingen) , as needed. Bone marrow cells were harvested 
from femurs by syringe lavage, and cells from thymus and 
spleen were prepared by homogenization. Cells were 
collected and washed in PBS plus 5% FCS and counted using 
a hemacytometer. Samples from individual mice were 
analyzed separately. Dead cells were gated out by forward 
and side scatter properties. Experiments were performed 
at least three times and yielded consistent results. 

DNA Preparation and Analysis of V(D)J recombination 
Products 



To determine whether a null mutation in Ku70 affects the 
recombination of antigen-receptor genes in T and B 
lymphocytes in vivo, we measured the immunoglobulin and 
T-ceii antigen receptor {TCR) rearrangements by PCR . DNA 
from bone marrow was amplified with primers specific to 
immunoglobulin D-J H and V-DJ H rearrangements, and DNA from 
thymus was amplified with primers that detect V-DJ and 
D^-Jj- rearrangement (20, 25-28). Oligonucleotides for 
probes and PCR primers specific to TCR V3~J(3 
rearrangements and immunoglobulin D-J H and V-DJ H 
rearrangements are as follows. For TCR3 Vg8~Jg2 
rearrangements (28) : V(58.1: 5 ' - GAGGAAAGGT- GACATTGAGC - 3 ' , 
J32 . 6 : 5 ' -GCCTGGTGCCGGGACCGAAGTA- 3 ' , V$8 probe : 5 ' -GGGCTG 
AGGCTG ATCCATTA- 3 ' . For D^-J^ rearrangement (20, 27): 
DR6 : 5 ' -TGGCTTGACATGCAGAAAACACCTG- 3 ' , DR53 : 5 ' - 
TGAATTCCACAG - TCACTTGGCTTC - 3 ' , and DR2 probe : 5'- 
GACACGTGATACAAAGCCCAGGGAA-3 ' . For immunoglobulin D-J H and 
V-DJ H rearrangements (26): 5'D: 5 ' -GTCAAGGGATCTACTACTGTG- 
3 ' , V7 1 8 3 : 5 ' - GAGAGAATTCAGAGACAATC - CCAAGAA CACCCTG - 3 ' , 
VJ558L : 5 ' - GAGAGAATTCTCCTCCAGCACAG - CCTACATG - 3 ' , J2 : 5 ' - 
GAGAGAATTCGGCTCCCAATGACCCTTTCTG- 3 ' , 5 ' IVS : 5 ' - 
GTAAGAATGGCCTCTCCAGGT- 3 ' , 3 ' - IVS : 5 ' - GACTCAATCACTAAGACA - 
GCT-3', and probe: a 6 kb EcoR I fragment covering the J 
region of mouse IgM. 

Cell Survival Determination 

8- to 10-week-old Ku70-/- and Ku80-/- mice and wild type 
littermates were used for our studies. Bone marrow cell 
suspensions were prepared by flushing the femur with MEM 
supplemented with 15% fetal calf serum (FCS) . The cell 
suspension was then counted using a hemacytometer and 
centrifuged at 1000 rpm for 12 min. The resulting pellet 
was resuspended and diluted to approximately 1 x 10 6 
cells/ml in MEM plus 15% FCS for further experiments. 

To measure the survival of granulocyte -macrophage 
progenitors, the method of Van Zant et al . (29) was used 
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with minor modifications (30) . Briefly, a -MEM contained 
3 0% heat- inactivated PCS and 1% bovine serum albumin; in 
addition, 0.5 ng/ml GM-CSF (R&D Systems) was used as a 
source of colony-stimulating factor. One day before each 
experiment, 2.0 mi of the above media containing 0.5% 
noble agar (DIFCO Laboratories) was added to individual 
60-mm petri dishes. Immediately after radiation 
exposure, cells were diluted in 2 ml of the above media 
with 0.3% noble agar and poured over the prepared dishes 
with 0.5% noble agar underlayer. The cells were then 
incubated at 37°C with 5% C0 2 and 95 to 98% humidity. The 
colonies were counted on Day 8 with a dissecting 
microscope . Macrophage and granulocyte colonies were 
counted separately and then summed together for survival 
calculations of granulocyte -macrophage progenitors (CFU- 
GM) . Only colonies containing 50 or more cells were 
scored. The colony forming efficiency of CFU-GMs was 60 
to 100/10 5 nucleated cells for untreated controls. 
Surviving fraction was defined as the cloning efficiency 
of irradiated marrow cells relative to that of untreated 
controls. All experiments were performed at least twice 
and yielded consistent results. 

Asymmetric Field Inversion Gel Electrophoresis 

To determine the rate and extent of DNA DSB repair in Ku- 
deficient cells after exposure to ionizing radiation, 
primary embryo fibroblasts derived from Ku70-/-, Ku80-/~ 
and wild type littermate mice were used. Mouse embryo 
fibroblasts from 13.5-day embryos growing in replicate 
cultures for 3 days in the presence of 0.01 /zCi/ml U C- 
thymidine (NEN) and 2.5 fxM cold thymidine were exposed to 
40 Gy of X-rays and returned to 37°C. At various times 
thereafter, one dish was removed and trypsinized on ice; 
single cell suspensions were made and embedded in an 
agarose plug at a final concentration of 3 X 10 6 cells/ml. 
AFIGE {Asymmetric Field Inversion Gel Electrophoresis) 
was carried out in 0.5% Seakem agarose (FMC, cast in the 



presence of 0.5 /ig/ml ethidium bromide) in 0.5 X TBE (45 
mM Tris, pH 8.2, 45'mM boric acid, i mM EDTA) at 10°C for 
40 h, by applying cycles of 1.25 V/cm for 900 sec in the 
direction of DNA migration, and 5.0 V/cm for 75 sec m 
the reverse direction as described (31) . Quantification 
and analysis for DNA DSB present were carried out in a 
Phosphorlmager {Molecular Dynamics) . Levels of DNA 
double-strand breaks (DSB) were quantified by calculating 
the FAR (fraction of activity released from the well into 
the lane) in irradiated and unirradiated samples, which 
equals the ratio of the radioactivity signal in the lane 
versus that of the entire sample (well plus lane) . 

EXPERIMENTAL RESULTS 

Targeted Disruption of Ku70 gene 

To study the role of Ku70 in vivo, we generated mice 
containing a germline disruption of the Ku70 gene. Murine 
genomic Ku70 gene was isolated and a targeting vector was 
constructed (Fig. la). Homologous replacement results in 
a deletion of 336-bp exon 2 including the translational 
imitation codon. Two targeted ES clones carrying the 
mutation in Ku70 were injected into C57BL/6 blastocysts 
to generate chimeric mice. One clone was successfully 
transmitted through the germline after chimeras were 
crossed with C57BL/6 females. No obvious defects were 
observed in Ku70+/- heterozygotes , and these Ku70+/- mice 
were subsequently used to generate Xu70-/- mice (Fig. 
lb) . 25% of the offspring born from Ku70+/- x Ku70+/- 
crosses were Ku70-/-. Adult Ku70-/- mice are fertile, but 
give reduced litter size (2 to 4 pups) as compared to the 
Ku7(P^- or Ku7Qm mice (about 8 pups) . 

To confirm that the disruption produced a null mutation, 
Ku70 protein expression was analyzed by both Western 
blotting (Fig. 1C) and a DNA end binding assay (Fig. ID) . 
Ku70 immunoreactivity was undetectable (Fig. 1C) , and 
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there was no Ku DNA-end binding activity in Ku70-/- 
fibroblasts (Fig. ID) . The Ku80 subunit of the Ku 
heterodimer was found, but at much reduced levels (Fig. 
1C) , suggesting that the stability of Ku80 is compromised 
by the ahsence of Ku70. These observations are 
consistent with the finding that the level of Ku70 was 
significantly reduced in Ku80-/~ fibroblasts and Ku80-/~ 
ES cells (19) . Taken together, these data suggest that 
the stability of either component of Ku is compromised by 
the absence of the other. 

Newborn Xu70-/- mice were 40-60% smaller than their 
Ku70+/- and Ku70+/+ littermates. During a 5-month 
observation period, Ku70-/- mice grew and maintained body 
weight at 40-60% of controls. Thus Xu70~/- mice, like 
Ku80~/- mice are proportional dwarfs (19) . 

Development of B lymphocyte, but not T lymphocyte, is 
blocked at early stage in KulO^ mice 

Examination of various organs from Ku70-/- mice showed 
abnormalities only in the lymphoid system (Fig. 2A) . 
Spleen and lymph nodes were disproportionately smaller by 
5-10 fold relative to controls. In particular, splenic 
white pulp nodules were significantly reduced. 
Immunohistochemistry on deparaf f inized tissue sections 
revealed that the splenic white pulp contained cells that 
stained with anti-CD3 (i.e.; CD3 positive T cells), but 
there were no CD19 positive B cells (Fig. 2A, panels k 
and n) . The Ku70-/- thymus was also disproportionately 
smaller and contained 100-fold fewer lymphocytes than 
Xu70+/+ littermates (2 x 10 6 in the former versus 2 x 10 8 
in the latter; measured in 3 mice of each genotype) . In 
contrast to the Ku80-/- mice, the Ku70-/- thymus 
displayed normal appearing cortical -medullary junctions 
(Fig. 2A, panels g and j). Overall, the lymphoid tissues 
and organs of JCu70-/- mice are somewhat disorganized and 
much smaller than Ku70+/+ mice (Table I); yet, they are 
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relatively more developed and slightly larger than in 
KuSCP^ mice. 
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Table I 



Lymphoid Cellularitv of KU70" 7 " Mice 



Cell content 
(x 1 

million) 



Cell 

content (x 

1 million) 



1 




Lt a shown are arithmetic means ± standard deviations 
frSn 2-4 individuals of each genotype analyzed at 4 to 6 
tills of age Cell numbers are shown per femur for bone _ 
marrow? and per whole organ for spleen and thymus. 



• 4) 



-33- 

To further examine the immunological defect in KulO-/- 
mice, cells from thymus, bone marrow and spleen were 
analyzed using monoclonal antibodies specific for 
lymphocyte surface markers and flow cytometry (19) . 
Consistent with the immunohi stological data there was a 
complete block in B-cell development at the B22 0 + CD4 3 + 
stage in the bone marrow, and there were no mature B 
cells in the spleen (Fig. 2B) . In contrast, thymocytes 
developed through the CD4 + CD8 + double-positive (DP) stage 
and matured into CD4 + CD8" and CD4"CD8 + single-positive 
(SP) , TCRg positive cells (Figs. 2B, C) . In six four- 
week old KU70" 7 " mice analyzed, the percentage of CD4-CD8" 
double-negative thymocytes ranged from 11-62%, and the 
CD4 + CD8 + DP cells varied from 35, 73%. CD4"CD8 + <1-11%) and 
CD4 + CD8" (1-3%) SP cells were also detected in the thymus 
Furthermore, CD4 + CD8" or CD4~CD8*, single-positive T cells 
were found in the spleen in 67% of the mice studied (Fig. 
2B) , which expressed surface TCR3 (Fig. 2C) and CD3 . 
Thus, in contrast to the early arrest of both T- and B- 
cell development in Ku80-/~ mice (Fig. 2B) , lack of Ku70 
is compatible with the maturation of T cells. 



T-cell Receptor and Immunoglobulin Gene Re arrangement 

To determine whether a null mutation in Ku70 affects 
antigen-receptor gene recombination, DNA from bone marrow 
was amplified with primers specific to immunoglobulin D-J K 
and V-DJ rearrangements and DNA from thymus was amplified 
with primers that detected V-DJ^ and D^-J^ rearrangements 
(20, 25-28) . Figure 3A shows that Ku70~/- B cells do 
undergo D-J H recombination, at a level which is similar to 
Ku80-/- B cells, but is 2- to 3-fold lower than the level 
found in scid mice, and 10-50- fold lower than wild type 
littermates. It is possible that some, but not all, of 
the decrease in D-J H rearrangement is due to a lower 
fraction of B- lineage cells in the mutant sample, since 
the wild type littermate mice have only - 5- fold more 
B220 + cells than the Ku70-/~ mice (see Table I) . V ~ DJ H 



rearrangements were not • detected in either Ku70-/-, Ku80- 
/-, or scid bone marrow samples, possibly accounting for 
the absence of mature B cells in these mutant mice (Fig. 
3A) . 

In contrast to the immunoglobulin heavy chain gene 
recombination, semiquantitative PCR analysis of thymocyte 
DNA for V-DJ p joints showed normal levels of TCR p 
rearrangements on a per cell basis (Fig. 3B) . Similarly, 
D s 2 and J s l coding joints were found in Ku70-/~ thymocytes 
at levels that resembled the wild type. To determine the 
molecular nature of the amplified coding joints, cloned 
V 8~DJ a 2.6 joints were sequenced. We found normal numbers 
of N, and P nucleotides as well as normal levels of 
coding end deletions (Fig. 14). Thus, coding joints in 
Ku70-/- thymocytes differ from coding joints produced in 
xrs6 Ku80-def icient cells in that there were no large 
aberrant deletions (4, 18). We conclude that TCR V(D)J' 
recombination in vivo does not require Ku70. 

Absence of Ku70 confers Radiation Hypersensitivity and 
Deficiency in DNA DSB Repair 

To assess radiation sensitivity in the absence of Ku70, 
cells from the bone marrow were exposed to ionizing 
radiation, and were assayed for colony formation (30, 
32) . Fig. 4A shows ' the survival curves of the 
granulocyte/macrophage colony forming units (CFU-GM) from 
Ku70-/- t Ku80-/- and wild type control mice. CFU-GM from 
Ku70-def icient mice were more sensitive to ionizing 
radiation than those from Ku-prof icient control mice 
(Fig. 4A) . Similar hypersensitivity to radiation was seen 
for KU80" 7 * CFU-GM (Fig. 4A) . 

The rate and extent of rejoining of X-ray- induced DNA DSB 
in Ku70-/-, Ku80-/- and Xu70+/+ cells were measured using 
asymmetric field inversion gel electrophoresis (AFIGE) 
(31). Fibroblasts derived from 13.5-day embryos were 
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exposed to 4 0 Gy of X-rays and returned to 3 7 °C for 
repair. At various times thereafter cells were prepared 
for AFIGE to quantitate DNA DSB (Fig. 4B, upper panel) . 
DNA DSB were nearly completely rejoined in wild type 
cells within about 2 h after radiation exposure. However, 
fibroblasts derived from Ku70-/- mice showed a 
drastically reduced ability to rejoin DNA DSB. A similar 
deficiency in DNA DSB rejoining was also observed in 
fibroblasts derived from Ku80-/- embryos. Despite the 
large differences observed in rejoining of DNA DSB 
between wild type fibroblasts and fibroblasts derived 
from Ku70-/- or Ku80~/- mouse embryos, dose-response 
experiments showed that KulO-/- f Xu80-/- and wild type 
fibroblasts were equally susceptible to X- ray- induced 
damage (Fig. 4B, lower panel) . Thus, Ku deficiency 
affects primarily the ability of cells to rejoin 
radiation- induced DNA DSB without significantly affecting 
the induction of DNA damage. 

EXPERIMENTAL DISCUSSION 

Absence of Ku70 results in radiation hypersensitivity, 
proportional dwarfism, as well as deficiencies in DNA DSB 
repair and V(D)J recombination. Thus, Ku70-/~ mice 
resemble Ku80~/~ mice in several respects but the two 
mutations differ in their effects on T and B cell 
development. Lack of Ku70 was compatible with TCR gene 
rearrangement and development of mature CD4 + CD8* and CD4" 
CD8 + T cells, whereas mature T cells were absent in Ku80- 
/- mice. In contrast, B cells failed to complete antigen 
receptor gene rearrangement and did not mature in either 
KulO-/- or Ku80-/- mice. 

What could account for the differences we find in TCR and 
immunoglobulin gene rearrangements in the Xu70-/- mice? 
One implication of our findings is that there are 
alternative Ku70- independent rescue pathways that are 
compatible with completion of V(D)J recombination in T 



cells. It is likely at the critical phase of T cell 
maturation; other DNA repair activity may be stimulated 
(33, 34) and can functionally complement the Ku70 gene in 
T cell -specif ic V{D)J recombination. Since Ku80~/- mice 
are deficient in both T and B lymphocyte development, it 
is plausible that these yet to be identified alternative 
DNA repair pathways include Ku80. The much reduced level 
of Ku80 protein in Ku70-/- cells may in part account for 
the hypocellularity of Ku70 _/ " thymii . 

Although the role of Ku in V(D)J recombination is not 
molecularly defined, Ku has been proposed to protect DNA 
ends from degradation (18, 35), to activate DNA-PK (10, 
11) , and to dissociate the RAG /DNA complex to facilitate 
the joining reaction (20) . These functions are not 
mutually exclusive, and they are all dependent on the 
interaction of Ku with DNA. Thus, the finding that Ku70 
is not required for TCR gene rearrangement is 
particularly unexpected, because the Ku70 subunit is 
believed to be the DNA-binding subunit of the Ku complex 
(36) , and DNA-end binding activity was not detected in 
Ku70-def icient cells (Fig. ID) . 

In summary, our studies provide direct evidence 
supporting the involvement of Ku70 in the repair of DNA 
DSB and V(D)J recombination, and the presence of a Ku70- 
independent rescue pathway (s) in TCR V(D)J rearrangement. 
The distinct phenotype of Ku70-/- mice should make them 
valuable tools for unraveling the mechanism (s) of DNA 
repair and recombination. 
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Second Series of Experiments 

The data presented herein shows that evidence that 
inact ivation of the Ku70 gene leads to a propensity for 
malignant transformation, both in vitro and in vivo. 
5 Ku70-/- mouse fibroblasts displayed an increased rate of 

sister chromatid exchange and a high frequency of 
spontaneous neoplastic transformation. Ku70-/~ mice, 
known to be defective in B- but not T- lymphocyte 
maturation, developed thymic and disseminated T-cell 

10 lymphomas at a mean age of 6 months, with CD4*CD8 + tumor 

cells. A plausible link between Ku70 abnormality and 
human lymphomas was supported by the lack of Ku70 
expression in tumor specimens from thirteen out of 
twenty- six patients analyzed. In preliminary screens, 

15 tumor-specific mutations of Ku70 were detected in 35% 

(6/17) of human lymphomas and in 30% (11/38) of 
neuroblastomas . These findings directly demonstrate that 
Ku70 - deficiency facilitates neoplastic growth and suggest 
that the Ku70 locus is a candidate tumor suppressor gene. 



20 Recent investigations have linked the molecular 

mechanisms of two processes, the repair of radiation- 
induced DNA double-strand breaks (DSB) and V(D)J 
recombination during T- and B-cell development. The 
mammalian DNA-dependent protein kinase DNA-PK has emerged 

25 as a key molecule in these pathways. DNA-PK is a 

serine /threonine kinase that consists of a 465-kDa 
catalytic subunit (DNA-PKcs) , and a DNA- target ing 
heterodimer consisting of a 70-kDa and an 86-kDa 
polypeptides (termed the Ku70 and Ku80, respectively). 

30 When assembled on double- stranded DNA in vitro, the DNA- 

PK holoenzyme phosphorylates transcription factors and 
other proteins, including Spl, Octl, c-fos, c-jun, p53 
and the 34-kDa subunit of replication protein A 
(Anderson, 1993, Pan, et al . , 1994). Genetic and 

35 biochemical studies strongly suggest a critical role for 

DNA-PK in DSB repair and V(D)J recombination (Jackson and 



Jeggo, 1995, Jeggo, et al . , 1995, Lees-Miller, 1996). 
Cell lines lacking either Ku80 or DNA-PKcs are defective 
in both DSB repair and V(D)J recombination, and are 
hypersensitive to ionizing radiation (Blunt, et al . , 
1995, Jackson and Jeggo, 1995, Jeggo, et al . , 1995, 
Kirchgessner , et al . , 1995, Peterson, et al. , 1995, 
Rathmell and Chu, 1994, Smider, et al . , 1994, Taccioli, 
et al . , 1994). Genes encoding each of the subunits of 
DNA-PK have been mapped to loci that complement the 
defect in x- ray- sensitive mutant cells (Jeggo, et al . , 
1995, Thompson and Jeggo, 1995) . The gene encoding DNA- 
PKcs maps to human chromosome 8gll, which is also 
identified as the locus of the SCID gene (severe combined 
immune deficiency) (Blunt, et al . , 1995, Kirchgessner, et 
al., 1995, Sipley, et al . , 1995). Cells derived from 
SCID mice are hypersensitive to x-ray, defective in DSB 
repair and V{D)J recombination (Biedermann, et al . , 
1991), and lack DNA-PKcs expression (Blunt, et al . , 1995, 
Kirchgessner, et al. , 1995, Peterson, et al . , 1995). 
Consistent with these findings, a radiosensitive human 
glioma cell line was found to be defective in DSB repair 
and devoid of DNA-PKcs mRNA and proteins (Lees -Miller, et 
al . , 1995) . 

The Ku heterodimer was first discovered as an autoantigen 
in patients with autoimmune disorders (Mimori, et al., 
1981) . Genes encoding Ku70 and Ku80 have been cloned and 
cytogenetically mapped to the human chromosomes 22ql3 and 
2q33-35 (Cai, et al . , 1994). The groups of Dynan and 
Jackson have provided evidence that Ku is the DNA- 
targeting subunit of DNA-PK (Dvir, et al . , 1992, Gottlieb 
and Jackson, 1993) . Alone, neither DNA-PKcs nor Ku has 
kinase activity, and DNA-PK activity requires the 
assembly of approximately equimolar amounts of Ku70, Ku80 
and DNA-PKcs on double-stranded DNA (Chan and Lees- 
Miller, 1996, Suwa, et al . , 1994). However, recent data 
reveals that DNA-PKcs can itself bind to linear DNA 



fragments and becomes activated for kinase activity 
(Hammarstein and Chu, 1998, Yaneva, et al . , 1997). 

Despite the rapid advances in our understanding of the 
genetics of the DNA.-PK subunits, the precise function of 
each of these proteins in vivo, and their roles in DSB 
repair and V(D) J recombination remain unclear. Several 
models have been postulated (Jackson and Jeggo, 1995, 
Lees-Miller, 1996) . After localization to a DSB, DNA-PK 
may signal via phosphorylation to activate enzymes or 
other factors involved in the rejoining of DNA ends. 
Alternatively, perhaps in addition to its function in 
signaling, DNA-PK may structurally tether adjacent DNA 
ends in a conformation suitable for subsequent end 
rejoining (Jeggo, et al . , 1995, Roth, et al . , 1995). 
Although it remains to be proven, it is very likely that 
the protein kinase activity of DNA-PK plays a critical 
role in DNA repair and recombination (Jackson and Jeggo, 

1995, Lees-Miller, 1996). The in vivo function of Ku is 
also not well defined at the molecular level. Ku has been 
proposed to protect DNA ends from degradation (Liang and 
Jasin, 1996, Taccioli, et al . , 1994), to activate DNA-PK 
(Dvir, et al . , 1992, Gottlieb and Jackson, 1993) and to 
dissociate the RAG/DNA complex to facilitate DNA joining 
reaction (Zhu, et al . , 1996). These functions are not 
mutually exclusive, and they all appear to depend on the 
interaction of Ku with DNA molecules. 

To facilitate studies on the function of the Ku subunits 
of DNA-PK in vivo t we have recently carried out targeted 
disruption of Ku70 and Ku80 genes in mice (Nussenzweig , 
et al., 1996, Ouyang, et al 1997). in Ku80" /_ mice, the 
development of both T- and B- lymphocyte is arrested at 
early progenitor stages, and there is a profound 
deficiency in V(D)J rearrangement (Nussenzweig, et al . , 

1996, Zhu, et al., 1996). Similar to Ku80 -/ " phenotype, 
inactivation of Ku70 leads to impaired B-lymphocyte 
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development and deficient DSB repair (Ouyang, et al . , 
1997) . However, in contrast to the KU80* 7 *' phenotype, 
absence of Ku70 does not abrogate T-cell receptor (TCR) 
gene recombination and the development of mature T-cells 
(Gu, et al., 1997, Ouyang, et al . , 1997). These studies 
indicate that Ku70 plays an essential role in DSB repair, 
but is not essential for TCR V(D)J recombination, 
suggesting that distinct and overlapping pathways may 
mediate DSB repair and V(D)J recombination* A related 
implication of these findings is that there may be 
residual activity or alternate Ku70- independent pathways 
for V(D)J recombination during T-cell development. 
Hence, the processing of TCR V(D)J recombination in the 
Ku70 _/ " mouse, which is defective in DSB repair, may 
facilitate the generation of illegitimate recombination 
events (Cleary, 1991) , potentially leading to tumor 
development . 

In the present study, we examined the effect of the Ku70" 

defect relative to malignant transformation and tumor 
development in mutant mice and derived cell lines. 
Fibroblasts derived from Ku70" /_ mice exhibit 
significantly higher frequencies of sister chromatid 
exchanges and spontaneous neoplastic transformation, 
relative to the wild type controls. Consistent with this 
cellular phenotype, the majority of Ku70" 7 " mice developed 
spontaneous thymic and disseminated T-cell lymphomas by' 8 
months of age. Lack of Ku70 protein expression was also 
found in 13 of 26 human lymphomas analysed. Polymerase 
chain reaction-single strand conformation polymorphism 
(PCR-SSCP) analysis of genomic DNA from the human 
lymphoma samples and DNA sequencing confirmed the 
presence of Ku70 mutation. Furthermore, in our 
preliminary screens, tumor- specif ic mutations of Ku70 
coding-region were detected in 35% (6/17) of human 
lymphomas and in 3 0% (11/3 8) of neuroblastomas. 
Collectively, these findings suggest that the Ku7 0 locus 
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is a candidate tumor suppressor gene. 
EXPERIMENTAL RESULTS 

Further characterization of the KU70" 7 " mouse 

We have recently reported the generation of Ku70 -/ " mice 
(Ouyang, et al . , 1997) . The Ku70 gene was inactivated by 
deleting 336-bp of exon 2, including the translational 
initiation codon of the mouse Ku70 locus. Ku70 +/ " 
heterozygotes exhibited no abnormalities and were used t 
generate a colony of Ku70" /_ mice, used for the current 
experiments . 

PCR analysis using specific primers confirmed that part 
of exon 2 was eliminated from the genome of Ku7 0 _/ " 
offsprings, and Western blot analysis with anti-Ku70 
antibodies demonstrated the absence of Ku70 protein in 
Ku70* /_ cells. Offsprings from Ku70 +/ ~ intercrosses were c 
all three genotypes with approximately 25% being Ku70 _/ " 
homozygotes, as expected from a Mendel ian distribution. 
Ku70 -/ " mice were fertile, but 40-60% smaller than their 
Ku70 +/ " and Ku70 +/+ littermates (Figs. 1A and B) , a 
phenotype similar to KU80"'' mice (Nussenzweig, et al . , 
1996) , but distinctly different from that reported for 
SCID mice (Bosma, et al . , 1983, Bosma and Carroll, 1991) 
The weight differences from the wild-type phenotype were 
present at birth and maintained through adulthood (Fig 
SA) . 

Examination of tissues from Ku70* /_ mice revealed 
abnormalities in lymphatic organs and the 
gastrointestinal tract. Other organs, including brain, 
lung, liver, heart, -kidney, testis and ovaries were 
proportionally smaller but with no apparent structural o 
histological abnormalities. Histological examination of 
the gastrointestinal tract showed mild to severe 
segmental aganglionosis affecting small intestine and 
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colon (discussed in a later section) . The KU70" 7 " thymus 
was disproportionately smaller and contained 50- to 100- 
fold fewer thymoctyes than Ku70 +/+ littermates, but 
displayed relatively normal appearing cortical -medullary 
junctions, as was previously reported (Ouyang, et al . , 
1997) . The Ku70 _/ " spleen was also 5- to 10-fold smaller 
with the splenic white pulp significantly reduced. 
Immunohistochemical studies and multiparameter flow 
cytometric analyses revealed that there was a complete 
block in B-cell development at early progenitor stages. 
In contrast, absence of Ku70 does not block TCR gene 
rearrangement and the development of T-cells. 

Ku7 0 -/ " mice develop T-cell lymphomas 

As noted previously, the processing of V(D)J 
recombination and proliferation of T cell precursors in 
Ku70 _/ " mouse, which has an intrinsic defect in DNA DSB 
repair, may enhance illegitimate recombination and lead 
to tumor development. To test this hypothesis, the tumor 
susceptibility of Ku70' y " mice was assessed. "We randomly 
assigned litters arising from heterozygous intercrosses 
(e.g., Ku70 +/+ , Ku70 +/ \ Ku70" /- ) for our experiments and 
monitored the mice daily for tumor development and 
survival. As shown in Fig, 6, 100% of Ku70 +/+ (n=102) and 
Ku70 +/ " (n=326) littermates remained tumor- free and 
survived through the first 45 weeks of life. However, 
the actuarial survival of the Ku70* / " mice at risk at 42 
weeks was only 22.4%, with a median survival of 28 weeks. 

Autopsy examinations showed that, in the first 5-18 weeks 
of life, 14.2% of Ku70" / * mice died of severe forms of a 
Hirschprung-like syndrome (see below) . Subsequently, 
animals died of thymic and disseminated T-cell lymphomas 
(Fig. 7). The youngest animal with a detectable tumor was 
14 weeks old, and by 36 weeks of age, the great majority 
of the remaining Ku70" / " mice died of T-cell lymphoma. 
Tumors of B lymphoid or non- lymphoid origin were not 
detected among the 45 tumor-bearing animals examined. In 



contrast, for the same observation period, no tumors were 
detected in colonies of Ku&O'^ and SCID micE. 
Histologically, the primary tumors consisted of 
mononuclear, atypical cells with cleaved nuclei, 
prominent nucleoli, and many mitotic figures. 
Immunohistochemical analyses revealed that the tumor 
cells were CD3 + , confirming the diagnosis of T-cell 
lymphoma (Fig. 7, D, E, and F) . In most cases, these 
tumors involved other organs, such as the lung, heart, 
kidney, spleen and liver; a CD3 + phenotype was identified 
in all of these tumors* 

Cell lines were readily established from five thymic 
tumors, designated T-96, T-49, T-248, T-311, and T-441. 
These tumor cell lines had a doubling time of 16-18 hr. 
Flow cytometric analysis of three of these tumor lines at 
early passages revealed a CD4+ CD8 + DP phenotype (Fig. 
7G) , consistent with immature T cells of thymic origin. 
In addition, Southern analysis of cells from these Ku70 _/ " 
thymic lymphomas, using a TCR C3 cDNA probe (Danska, et 
al., 1994), exhibited only one or two TCRp rearrangement 
per tumor, suggesting that the tumors are of clonally 
derived nature. Karyotyping analyses on cultured cells 
derived from three primary T-cell lymphomas developed m 
Ku70 -deficient mice revealed multiple chromosomal 
abnormalities. All three cultured tumor cells showed 
monosomy of chromosome 8. Two of the three cultured tumor 
cells displayed trisomy of chromosomes 1 and 13, as well 
as monosomy of chromosome 12 . Other alterations 
identified included monosomy affecting chromosomes 9, 10, 
and 16; trisomy of chromosomes 4, 5, 6, and 15; and 
duplication of chromosome 6, 14, and 15. It is, thus, 
reasonable to postulate that some DP Ku70* / " cells 
acquired mutations that enhanced their survival or the 
ability to proliferate relative to that of short-lived 
wild type DP thymocytes. 
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KulO' / ' fibroblasts also undergo malignant transformation 

Spontaneous neoplastic transformation occurs rarely in 
primary mouse fibroblasts. Consistent with this 
observation, primary mouse ear fibroblasts (MEFs) , 
derived from Ku70 +/+ or Ku70 +/ * and cultured up to passage 
10, did not undergo spontaneous malignant transformation. 
In contrast, the formation of type III transformed foci 
was observed in Ku70" y " MEFs at a transformation frequency 
of 4.3 x 10* 2 /viable cell (Fig. 8, A and B) . Co- 
transfection with HPV16 E6 and E7 into Ku70" A MEFs 
further increased the frequency of foci formation, 
whereas transformation was not observed in E6/E7 co- 
transfected Ku70 +/+ or Ku70 +/ * fibroblasts. 

Analysis of chromosomal aberrations in the various cell 
cultures grown at 37 °C revealed that the Ku70" 7 " cells 
contained 0.326 sister chromatid exchanges (SCE) per 
chromosome (n=30 cells), representing a 2.2-fold increase 
over that of Ku70 +/ ~ cells (0.147 SCE per chromosome, n^34 
cells) (p<0.05). Similarly, the E6/E7 co- transfected 
Ku70" y " cells contained a nearly 3 -fold higher frequency' 
of SCE (0.2 62 SCE per chromosome, n = 36 cells) than the 
E6/E7 co-transf ected Ku70 +/+ or wild type Ku70 +/ * cells 
(0.092 SCE per chromosome, n = 23 cells) (p<0.05). 

The foci derived from the primary and from the E6/E7 co- 
transfected Ku70~ /_ cultures were further tested for their 
ability to grow under anchorage -independent conditions 
and to produce tumors in nude mice. Fig. 8C shows that 
Ku70" /_ cells derived from the transformed foci readily 
produced colonies in soft agar, while no anchorage- 
independent growth was evident for the Ku70 +/+ cells. For 
tumor formation in nude mice (Jackson Laboratory) , 5x10 
Ku70" /_ cells derived from transformed foci or Ku70 +/+ 1 
fibroblasts were injected into each of the two flanks of 
two nude mice and tumor formation was scored after 3 
weeks. We found that Ku70' /_ cells derived from the 
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transformed foci produced tumors in nude mice (100% tumpr 
take), while no tumor was evident for Ku70 +/+ cells. Taken 
together, these results indicate that Ku70-def iciency 
leads to an increased propensity for malignant 
transformation of primary mouse fibroblasts. 

Extreme radiation sensitivity of KulO'^ mice and Ku70" / " 
fibroblasts 

Previous studies have shown that Ru70" /_ primary 
fibroblasts were impaired in the repair of radiation- 
induced DSB (Ouyang, et al . , 1997). To demonstrate that 
this deficiency in DSB repair leads to the 

hypersensitivity of Ku70" / " cells to radiation, monolayers 
of Ku70* /_ and Ku70 +/+ primary ear fibroblasts (passage 7) 
were exposed to graded doses of g-irradiat ion (0-6 Gy) , 
and survival was determined by a colony formation assay. 
Fig. 9A clearly shows that Ku70 _/ ~ cells were much more 
radiosensitive than the wild type controls, with a > 100- 
fold difference in survival after 400 cGy of y- 
irradiation . 

To assess the radiation-sensitive phenotype in vivo, 
adult (4 months old) Ku70" /_ mice were given 400 cGy of y~ 
irradiation as were the wild type controls (Fig. 9B) All 
wild type mice survived. However, all irradiated Ku70* 7 ' 
mice died within two weeks. 

Gastrointestinal abnormalities in KU70" 7 " mice 

In our experimental group of Ku70 v " mice, we observed 
that 14.2% died without evidence of lymphoma. 
Histological examination showed that all these mice, as 
well as 60% of the lymphoma -bearing Ku70 _/ ~ mice, showed 
unique gastrointestinal abnormalities. Mild to severe 
segmental aganglionosis was observed, affecting the small 
intestine and the colon (Fig. 10) . These abnormalities 
were further confirmed by immunohistochemical assays: the 
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number of ganglion cells identified by chromogranin 
immunostaining was very much reduced or absent in 
segments of the intestinal tract of the Ku70" 7 * mice. This 
phenotype was associated with the effacement of the 
typical morphology of the intestinal villi, dilatation of 
intestinal lumens and denudation of the intestinal 
mucosa, causing functional obstruction and progressive 
distention of the intestine. In some cases, we observed 
this alteration even in the esophagus and stomach. These 
changes were similar to those described in Hirschsprung 
disease (Badner, et al . , 1990). Death caused by the more 
severe form of this phenotype began around 5 weeks of age 
and peaked around 12 weeks, much earlier than the onset 
of lymphoma death at 14 weeks. These abnormalities were 
not observed in heterozygous and wild type mice up to 8 
months of age. 

Ku7 0 alterations in human tumors 

Because of the high . incidence of T-cell lymphomas in K\i7(T 
h mice, we evaluate the possibility that abnormal Ku70 
expression also occurs in human lymphomas. Tumor samples 
from fourteen patients with T-cell lymphomas and twelve 
patients with B-cell lymphomas, classified by a panel of 
antibodies to specific cell surface markers and molecular 
probes, were analyzed. Immunohistochemical analysis, 
using a purified rabbit antiserum specific to Ku70 
(Ouyang, et al . , 1997), showed an intense nuclear 
staining pattern of Ku70 protein in human normal 
lymphocytes of the spleen (Fig. 11G) and of the lymph 
nodes. Patterns of Ku70 staining was not affected by the 
method of tissue preparation and were similar in frozen 
sections and paraffin- embedded samples, with intense 
nuclear staining on lymphocytes and endothelial cells in 
both sample types (Fig. 11C and 11G) . 

However, seven of the fourteen T-cell lymphomas analyzed 
showed undetectable * Ku70 levels in the nuclei (Fig. 11B 



and 1IC) , while the remaining seven cases displayed weak 
to moderate heterogeneous nuclear immunoreactivities 
(Fig. 11A) . In addition, four of these cases showed an 
abnormal cytoplasmic Ku70 expression. In the Ku70- 
negative cases, inflammatory cellular infiltrates, as 
well as endothelial cells, were found to have a strong 
nuclear staining, serving as internal positive controls 
(see Fig. 11C) . Similarly, six of the twelve B-cell 
lymphomas showed undetectable Ku70 staining in the nuclei 
of tumor cells (Figs. HE and 11F) . We also observed an 
abnormal cytoplasmic expression of Ku70 in nine of these 
twelve B-cell lymphomas (Fig. 11F) . Thus, most of the 
human lymphomas studied showed Ku70 alterations, either 
lacking completely Ku70 expression, or displaying 
abnormal Ku70 cytoplasmic localization. 

To complement the immunohistochemical data and to further 
explore the significance of these findings, we carried 
out PCR-SSCP analysis with 17 of the 26 primary human 
lymphomas from which frozen tissues were available (7 T- 
cell and 10 B-cell lymphomas) . Search for mutations was 
first conducted at the genomic level, i.e. using genomic 
DNA as the substrate. Because the boundaries between the 
introns and the 13 exons of the human Ku7 0 gene are not 
well established, we were limited by the use of nine 
pairs of primers (for nine of the 13 exons) to amplify 
about 50% of the coding region of the human Ku70 gene. 
SSCP analysis of the PGR products (74 to 194 bp in size) 
exhibited bandshifts in 3 out of the 17 lymphoma samples. 
Sequence analysis of one case revealed a point mutation 
of ACA to ATA at codon 292, converting a threonine to 
isoleucine (Fig. 11H) . Mutation could not be confirmed, 
however, for the other two cases, probably due to the 
suboptimal conditions of the primers used. 

For further corroboration, we characterized the coding 
sequences of Ku70 in the 17 above referred lymphomas. We 
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also expanded the study to include a panel of 38 well 
characterized neuroblastomas. Direct PCR-sequencing was 
performed from the cDNA products of these samples. Using 
this strategy, the whole coding region of Ku70 was 
examined. We found that Ku7 0 sequences were frequently 
mutated in the tumor samples, but not in their 
corresponding normal tissues (for examples see Figs. Ill 
and HJ) . More specifically, 2 out of 7 T-cell lymphomas 
and 4 out of 10 B-cell lymphomas showed multiple point 
mutations at codons 292, 344, 452, 453, 460, and 466, 
with a predicted effect of amino acid substitution from 
threonine to isoleucine, glycine to alanine, isoleucine 
to valine, methionine to threonine, glycine to aspartic 
acid, and valine to isoleucine, respectively (Fig. Ill 
and Table II) . In addition, tumor-specific point 
mutations were identified in 11 of 38 neuroblastomas at 
codons 529 (silent) , 530 (Tyr-»His) , 549 (Gly-*Asp) , and 
593 (silent) (Fig. 11J and Table II) . Representative Ku70 
mutations identified in human primary tumors are 
summarized in Table II and illustrated in Figure 11. 



Table II Representative Ku70 Mutations Identified in 

Human Primary Tumors 



Codon 



Mutation 



Predicted 
Effect 



T- and B-cell lymphomas 



344 
292 
452 
453 
466 
460 



GGT-»GCT 
ACA-»ATA 
ATC-»GTC 
ATG-»ACG 
GTT^ATT 
GGC-*GAC 



Gly-»Ala 
Thrill e 
lle-*Val 
Met^Thr 
Val^Ile 
Gly-*Asp 



Neurobl as toma s 



529 
530 
549 
593 



GTT-»GTC 
TAC-»CAC 
GGT-*GAT 
GGT-^GGG 



silent 
Tyr~»His 
Gly-^Asp 
silent 



EXPERIMENTAL DISCUSSION 

The present study reveals a novel characteristic of the 
KuVO* 7 " phenotype, the propensity for malignant 
transformation, both in vitro and in vivo. In vitro, 
this is expressed in terms of increased rate of sister 
chromatid exchange, frequent spontaneous neoplastic 
transformation of primary fibroblasts, anchorage- 
independent growth of the transformed foci in soft agar 
and their ability to produce tumors in nude mice. Jn 
vivo, KU70" 7 * mice spontaneously develop thymic and 
disseminated T-cell lymphomas. Concordant with these 
data, tumor specimens from human T-cell lymphomas also 
showed a pathological lack of Ku70 protein expression and 
the presence of tumor-specific mutations. These findings 
directly demonstrate that inactivation of the Ku70 gene 
facilitates neoplastic growth, and strongly suggest the 
Ku7 0 locus as a candidate tumor suppressor gene for 
murine and human T-cell lymphoma. 

The specificity of the murine Ku70' /_ phenotype for the 



development of T-cell but not B-cell lymphoma is 
consistent with our recent observation that the 
development of B- lymphocytes was absent in Ku70 _/ " mice 
(Ouyang, et al . , 1997). In contrast to SCID and KuSCT 7 " 
mice, in which both T- and B-lymphocyte development is 
arrested at early progenitor stages (Bosma and Carroll, 
1991, Carroll and Bosma, 1991, Carroll, et al . , 1989, 
Lieber, et al . , 1988, Nussenzweig, et al . , 1996, Zhu, et 
al . , 1996), the absence of Ku70 blocks neither TCR gene 
rearrangement nor the development of mature T cells (Gu, 
et al., 1997, Ouyang, et al . , 1997). Nonetheless, the T- 
cell specific differentiation was suboptimal in Ku70" 7 " 
mice, with a 50- to 100-fold fewer thymocytes compared to 
the wild type littermates. These results suggest that 
there may be a residual activity, or an alternate Ku7 0- 
independent pathway for TCR V(D)J recombination and 
maturation of T-cells. However, this pathway may be less 
efficient, or does not provide all the necessary signals 
to fully effect the developmental transition. Another 
possible explanation for the lack of expansion of Ku7 0~ 7 ~ 
DP thymocytes may be associated with the intrinsic 
propensity of DP cells to undergo apoptosis (Smith, et 
al,, 1989), which may be further enhanced by the absence 
of Ku70. Consistent with this paradigm, we found that 
SV40-transf ected Ku70~ 7 " cells were extremely susceptible 
to radiation- induced apoptosis relative to wild type 
controls. Differences in genetic background are unlikely 
to contribute to the different phenotypes of Ku7 0* 7 ~and 
Ku80 _/ " mice in the development of tumors. Both of our 
Ku70" /_ and Ku80" 7 " mice were generated in the transgenic 
mouse core facility at Memorial Sloan-Kettering Cancer 
Center using identical protocols, including the same 
strain of ES cells and the same C57BL/6 mice 
(Nussenzweig, et al . , 1996, Ouyang, et al . , 1997). Thus, 
the Ku70" 7 ~ strain used was in a mixed 129/SV x C57BL/6 
background like that of our Ku80' 7 ~ strain. Furthermore, 
an independently derived line of Ku70" 7 " mice had a 
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phenotype essentially identical to that which we describe 
(Gu, et al . , 1997) . 

The mechanism for the induction of thymic lymphoma in 
KU7C" 7 " mice is not clear at present. It is reasonable to 
hypothesize that a thymocyte maturation defect and thymic 
malignancies are mechanistically related, and associated 
with abnormalities in DNA DSB repair, a characteristic of 
the Ku70~ 7 " cells. Although residual DSB rejoining may be 
responsible for the 'apparent TCR V(D)J recombination, 
alternative DNA repair pathways may exist in the absence 
of Ku70. Such pathways may functionally complement the 
Ku7 0 gene and participate in TCR gene rearrangement. On 
the other hand, the rescue of TCR gene rearrangement and 
T-cell proliferation in a global DNA repair-deficient 
environment may enhance the generation of illegitimate 
recombination (Cleary, 1991) , leading to the development 
of T-cell malignancies. Consistent with this model is 
our current observation on the increased frequency of 
neoplastic transformation in Ku70" /_ fibroblasts, 
suggesting that loss of Ku70 may constitute one critical 
event in the multistep transformation processes. 

The hypothesized link between deficient DSB repair, 
defective T-cell differentiation and tumor development in 
Ku70" /_ mice is consistent with the experimental results 
obtained in irradiated SCID mice (Danska, et ai . , 1994). 
While SCID cells were shown to be deficient in the repair 
of radiation- induced DSB and V(D)J recombination (Bosma 
and Carroll, 1991, Carroll and Bosma, 1991, Carroll, et 
al-, 1989, Lieber, et al . , 1988), treatment of newborn 
SCID mice with a sublethal radiation dose of 100 cGy 
restored normal T-cell receptor TCRb recombination, T- 
cell maturation and thymocyte proliferation, but not IgM 
rearrangement or B-cell development {Danska, et al . , 
1994) . Relevant to this study is the observation that all 
of the irradiated SCID mice eventually developed T-cell 
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tumors, but not tumors of B- lymphoid or non- lymphoid 
origin. These data support the notion that the induction 
of alternative pathways for DSB rejoining, apparently 
activated by radiation, can restore TCR V(D)J 
recombination; but because of their deficiency in DSB 
repair, these activities promote the malignant 
transformation of T-cells. Therefore, the T-lineage 
specificity of neoplastic transformation, either induced 
by low-dose irradiation (as in the case of SCID mice) or 
occurring spontaneously (as in Ku70" /_ mice) , may reflect 
an interaction between defective DNA DSB repair and TCR 
gene rearrangement . 

Although Ku70' 7 ' cells of non-lymphoid lineage, such as 
primary fibroblasts, can undergo spontaneous 
transformation in vitro, we observed no spontaneous 
tumors other than T-cell lymphomas in the KU70" 7 " mice. 
This may be due to the fact that nearly all animals 
observed up to the age of 8 months died of either T-cell 
lymphoma or a Hirschsprung -like gastrointestinal 
syndrome. Mild to severe segmental aganglionosis in the 
gastrointestinal tract was, in fact, detected in the 
great majority of Ku70 _/ * mice examined by autopsy. This 
unexpected phenotype was associated with the effacement 
of the typical morphology of the intestinal villi, 
dilatation of the intestinal lumens and denudation of the 
intestinal mucosa, disorders similar to those described 
in the Hirschsprung disease (HSCR) . Human HSCR is a 
congenital disorder of the enteric nervous system 
characterized by the absence of enteric ganglia (Badner, 
et al., 1990, Pingault, et al . , 1997). Three genes for 
HSCR have been identified, including the RET proto- 
oncogene (Angrist, et al . , 1995, Attie, et al . , 1995), 
the gene encoding the endothelin B receptor (EDNRB) 
(Amiel, et al . , 1996), and the endothelin 3 gene (EDN3) 
(Edery, et al . , 1996, Hofstra, et al . , 1996). In mice, 
spontaneous and in vitro- induced mutations affecting the 
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RET, EDNRB, and EDN3 genes generate pheno types similar to 
human HSCR. Another murine model of HSCR disease is the 
Dominant megacolon (Dom) , a spontaneous mouse mutation in 
which the target gene has not yet been fully 
characterized (Pavan, et al . , 1995, Pingault, et al., 
1991, Southard- Smith, et al . , 1998). Interestingly, the 
Dom mutation has been mapped to the middle- terminal 
region of mouse chromosome 15 . Using known polymorphisms 
for conserved human/mouse genes, the homology between the 
Dom locus and human chromosome 22gl2-ql3 has been 
established (Pingault, et al . , 1997). Although the mouse 
Ku70 locus is also mapped to chromosome 15 {Takiguchi, et 
al . , 1996), it is unlikely that the Dom gene is disrupted 
in the Ku70* y * mice, because of the fact that the 
homozygous Dom mutation results in a lethal phenotype . 
However, it would be of great interest to examine whether 
the expression of Dom gene, or that of the other HSCR 
genes, are affected 'by the absence of Ku70 protein. 

The spontaneous development of T-cell tumors in the Ku70* 
7 " mice is very different from the Ku80" y " and SCID 
phenotypes. It is, however, comparable with the 
development of thymic lymphoblastic lymphomas in Atm- 
deficient mice (Barlow, et al . , 1996) and DNA-PKcs null 
mice (Jhappan, et al . , 1997), the development of thymic 
tumors in p53 -deficient mice (Donehower, et al . , 1992, 
Jacks, et al . , 1994, Purdie, et al . , 1994, Tsukada, et 
al., 1993) and the predisposition to lymphoreticular 
malignancies in ataxia telangiectasia patients (Boder, 
1975, Sedgewick and 'Boder, 1991) . However, AT and p53 
mutations are associated with other tumor types as well 
(Donehower, et al . , 1992, Jacks, et al . , 1994). Thus, 
the dominance of T-cell tumors in Ku70" /_ mice is unique. 
Our analysis of human tumor samples, however, suggests a 
possible association of Ku70 with both T- and B-cell 
lymphomas (Fig. 11) . 
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The expression and molecular genetic analyses of Ku70 
conducted in human lymphomas and neuroblastomas support 
the postulate of a role for Ku70 in tumor suppression. 
Tumor -specific mutations were first pursued and 
5 identified in T-cell lymphomas. However, we expanded the 

mutational screening to B-cell lymphomas and 
neuroblastomas, as these tumors are two of the most 
frequent malignancies affecting the pediatric population. 
Normal B- lymphocytes and neurons express high nuclear 

10 levels of Ku70 protein, similar to those observed in 

normal T- lymphocytes . The altered pattern of Ku70 
expression; mainly the lack of Ku70 nuclear staining and 
the ectopic cytoplasmic localization of Ku70 protein in a 
large fraction of tumors studied, suggest potential 

15 genetic aberrations. The identification of multiple 

tumor- specif ic mutations in a subset of the lymphomas and 
neuroblastomas screened is consistent with our working 
hypothesis. Whether mutations represent the basis for 
lack of or aberrant expression of Ku70 in all of the 

2 0 human tumor specimens examined remains to be further 

analyzed. There are, however , other mechanisms to 
inactivate tumor suppressors. Methylation of the promoter 
region of certain genes, such as the pl6/INK4A, produces 
silencing of transcription and absence of the final gene 

25 product (Gonzalez-Zulueta , et al . , 1995 , Merio, et al . , 

1995) . Inhibition of tumor suppression function can also 
be achieved by viral and cellular proteins shown to 
interact with specific suppressor products, such as p53 
and RB (Dyson, et al . , 1989, Linzer and Levine, 1979, 

30 Sarnow, et al . , 1982, Werness, et al . , 1990, Whyte, et 

al.; 1988). More recently, it has been demonstrated that 
p2 7 is degraded via proteasome-mediated mechanisms rather 
than tumor-specific mutations ( Ponce -Castaneda, et al . , 
1995) , and that p27 -deficiency is associated with 

3 5 tumorigenesis and tumor progression in certain human 

neoplasms (Loda, et al . , 1997, Porter, et al . , 1997). The 
mutations identified in the Ku70 gene, together with the 
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abnormal patterns of expression observed in the majority 
of human lymphoma samples, are in accordance with the 
hypothesis that Ku70 has an important role in tumor 
suppression . 

5 In summary, our studies show that inactivation of Ku70 

results in a distinct phenotype, relative to Ku80 _/ " and 
SCID mice, which are deficient in the other components of 
the DNA-PK complex. Consistent with the observation that 
the Ku7 0" /_ mouse is highly susceptible to the development 

10 of spontaneous thymic and disseminated T-cell lymphoma, 

human T-cell lymphomas examined also showed altered Ku70 
expression and tumor-specific Ku70 mutations. These data 
demonstrate that the disruption of Ku70 facilitates 
neoplastic growth and strongly suggest that the Ku70 

15 locus is a candidate tumor suppressor gene. Although the 

Ku7 0 _/ " rodent model did not exhibit other tumor types, 
the high frequency of sister chromatid exchanges in Ku70" 
7 " fibroblasts and their high susceptibility to 
spontaneous neoplastic transformation raises the 

20 possibility that other human tumors may also be affected 

by the function of the Ku70 locus. This is further 
supported by the abnormal expression pattern of Ku7 0 in 
B-cell lymphomas, as well as the multiple tumor-specific 
Ku70 mutations detected in B-cell lymphomas and 

25 neuroblastomas . 



EXPERIMENTAL PROCEDURES 

Target disruption of Ku7 0 and generation of Ku7 0" 7 " mice 

Mouse genomic Ku70 gene was isolated from a sCos-I cosmid 
library constructed from a mouse strain 129 embryonic 
stem cell line (Takiguchi, et al . , 1996). The 
replacement vector was constructed using a 1.5 kb 5'- 
fragment which contains the promoter locus with four GC- 
box and exon 1, and a 8 kb EcoRV-EcoRl fragment extending 
from intron 2 to intron 5 (Ouyang, et al . , 1997). 
Homologous replacement results in a deletion of 336-bp of 
exon 2 including the translational initiation codon. 

The targeting vector was linearized with Not 1 and 
transfected into CJ7 embryonic stem (ES) cells by 
electroporation using a Bio-Rad Gene Pulser. Three 
hundred ES cell clones were screened, and 5 clones 
carrying the mutation in Ku70 were identified by Southern 
blotting. Positive ES clones were injected separately 
into C57BL/6 blastocysts to generate chimeric mice. One 
clone was successfully transmitted through the germline 
after chimeras were crossed with C57 BL/6 females. 
Homozygous Ku70 _/ " mice were generated by intercrossing 
Ku7 0 +/ " heterozygotes . 

The genotypes of the mice were first determined by tail 
PCR analysis which distinguishes endogenous from the 
targeted Ku70 allele, and subsequently confirmed by 
Southern blot analysis. The PCR reaction contained 1 mg 
genomic DNA; 0.6 mM,(each) of primers HO-2: 
GGGCCAGCTCATTCCTCCACTCATG , HO -3 : 
CCTACAGTGTACCCGGACCTATGCC and HO- 4 : 

CGGAACAGGACTGGTGGTTGAGCC ; 0.2 mM (each) dNTP ; 1.5 mM MgCl 2 
and 2 . 5 U of Taq polymerase. Cycling conditions were 
94°C for 1 min, 64°C for 1 min, 72°C for 1 min (30 
cycles), followed by an extension at 72°C for 10 min. 
Primers HO-2 and HO-4 give a product of the targeted 
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allele that is -380 bp; primers HO-3 and HO-4 yield a 
wild type product of 4 07 bp. 

Cell cultures and determination of radiosensitivitv 

Monolayers of cells (1-2 x 10 5 cells) were seeded in 60 mm 
petri dishes and cultured at 37°C for 3 days at which 
time they were near confluence (1-2 x 10 6 cells per dish) . 
The culture medium was then changed daily, and the cells 
were at a density- inhibited plateau phase by day 6. The 
pulse - labeling index, as determined by incubation for 30 
min with 10 mCi/ml of 3 H- thymidine and autoradiographic 
analysis, was < 1% indicating a paucity of cycling cells. 
Experiments were performed on day 6 or 7. 

Survival curves were obtained by measuring the colony- 
forming ability of irradiated cells as described 
previously (Nagasawa, et al . , 1991). A colony containing 
more than 50 cells was scored as a survivor. Cell 
survival was always normalized to the cloning efficiency 
of untreated controls- All experiments were performed at 
least three times and yielded consistent results. 

Spontaneous transformation of Ku70 -deficient cells 

To study the spontaneous transformation of Ku70-def icient 
fibroblasts, the well established protocols of Little 
were used (Little, 1979) . Cells were seeded into 6 
replicate 100-mm plastic Falcon petri dishes, at 
densities designed to yield approximately 4000 to 7000 
viable (colony forming) cells per dish. After a 3- to 4- 
week incubation at 37°C, with twice weekly renewal of the 
nutrient medium, the cultures were fixed with 95% ethanol 
and stained with 0.1% crystal violet. Transformed foci 
(Type III) appeared as dense piled-up colonies of cells 
overlying the normal monolayer. Cells from these foci 
were isolated, expanded and further tested for their 
ability to grow in soft agar in an anchorage -independent 
manner . 
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In parallel with the above, three 100 mm dishes were 
seeded from a 1:50 dilution of the same cell suspension 
(80 to 140 viable cells) in each group in order to 
determine the acrual colony forming efficiency. After a 
10- to 12-day incubation at 37°C, the samples were fixed 
and stained, the number of viable colonies counted, and 
the cloning efficiency determined, which was then used to 
calculate the number of viable cells seeded in the 
transformation dishes. The transformation frequency was 
determined by dividing the total number of transformed 
foci scored in a treatment group by the total number of 
viable cells seeded, and it was therefore expressed as 
transf ormants per viable cell . 

For colony formation in soft agar, a modified MacPherson 
method (MacPherson, 1973) was used (Nagasawa, et al . , 
1987) . Plastic petri dishes (60 mm) were coated with a 
layer of 5 ml of 0.5% agarose in medium supplemented with 
20% heat-inactivated fetal bovine serum. Two milliliters 
of the cell suspension were mixed with 4 ml of the 0.5% 
agarose solution; 1.5 ml of the resulting cell suspension 
were plated into the agarose-coated dishes. Subsequently, 
the cultures were fed once a week by adding 1 ml of 
complete medium (without agarose) . The size of the 
colonies was monitored at 2 days, 1, 2, and 3 weeks after 
seeding by taking photomicrographs of the cultures on an 
inverted microscope. For tumor formation in nude mice 
(Jackson Laboratory) , 5 x 10 6 cells were injected into 
each of the two flanks of two nude mice and tumor 
formation was scored after 3 weeks. 

Analysis of sister chromatid exchange 

For analysis of sister chromatid exchange (SCE) , the 
protocols used by Nagasawa et al (Nagasawa, et al. , 1991) 
were followed. Briefly, cells were subcultured from 
density- inhibited cultures into three replicate T-25 
tissue culture flasks in fresh complete medium containing 
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10" 5 M bromodeoxyuridine (BrdUrd) for two rounds of cell 
replication. For three successive 4-h intervals beginning 
15 h after subculturing , colcemid (0.2 g/ml) was added to 
one of the flasks for a 4-h interval prior to fixation. 
5 Therefore, harvesting was carried out over a total period 

of 12 h. Chromosomes were prepared for the analysis of 
SCE by the air-dry method, as previously described 
(Nagasawa and Little, 1979, Nagasawa* et al . , 1991). The 
differential staining of sister chromatids was carried 
10 out by the fluorescence plus Giemsa technique (Nagasawa, 

et al . , 1991, Perry and Wolff, 1974) . SCE was analyzed at 
peak mitotic indices after completion of the first or 
second mitosis . 

Tissue preparation 

15 Normal and tumor tissue samples from wild type and/or 

Ku70' / " mice were fixed in either 10% buffered formalin 
and embedded in paraffin, or embedded in a 
cryopreservative solution (OCT compound, Miles 
Laboratories, Elkhard, IN)., snap- frozen in isopentane 

20 precooled in liquid nitrogen, and stored at -70°C. 

Similarly, twenty-six cases of either T-cell (n=14) or B- 
cell (n=12) lymphomas as well as 38 neuroblastomas were 
obtained from surgically removed specimens at Memorial 
Sloan-Kettering Cancer Center and were used for this 

25 study. Samples were either embedded i^n a cryopreservative 

solution (OCT compound, Miles Laboratories, Elkhard, IN) , 
snap- frozen in isopentane precooled in liquid nitrogen, 
and stored at -70°C, or fixed in 10% buffered formalin 
and embedded in paraffin. Representative hemotoxylin- 

30 eosin stained sections (5 fim thick) were examined to 

evaluate the histopathological characteristics of the 
lesions to be analyzed, including the ratio of normal-to- 
tumor content for potential microdissection. 



DNA isolation. PCR-SSCP and DNA sequencing assays 



DNA was extracted from consecutive 3 0 /zm sections of 
frozen tissue blocks, using a nonorganic method (Oncor, 
Gaithersburg, MD) (Dalbagni, et al . , 1993). Nine sets of 
primers (one pair for each of 9 out of the 13 exons of 
the Ku7 0 gene) were designed and used to amplify 5 0% of 
the coding region of Ku7 0. 

PCR-SSCP analysis was carried out according to a slight 
modification of the method of Orita et al . (Orita, et 
al . , 1989). Briefly, amplifications were performed with 
50-100 ng genomic DNA in 10 /xl volume's . Thirty- five 
cycles were used for amplification consisting of 20 s at 
94 °C for denaturation, 20 s at 55-64 °C for the different 
primers used, and 30 sec at 72 °C for extension. 3 /xl 
amplified samples were mixed with 7 /il sequencing stop 
solution, and then were denatured 5-10 min at 95-100°C 
and chilled in dry ice. Samples (4 /il) were loaded onto 
both 5-8% nondenaturing polyacrylamide gels containing 5- 
10% glycerol, and MDE gel (FMC, Philadelphia, PA) , and 
run at room temperature for 18 h at 5 Watts. Gels were 
dried at 8 0°C under vacuum and exposed to x-ray film for 
4-24 h. 

The same primers used in SSCP were used for DNA 
sequencing assay. DNA fragments that presented bandshifts 
in SSCP analysis were sequenced by the dideoxy method 
(Sanger, et al . , 1977) using the Sequenase PCR product 
sequencing kit (Amersham Life Science, Cleveland, OH) . 
Both strands were sequenced for each DNA analyzed. The 
cases that presented point mutations were reanalyzed by 
at least two additional sequencing studies. 

RNA preparation, RT-PCR and Mutational analysis 

Total RNAs were prepared using RNeasy Mini Kit from 
Qiagen. Samples from consecutive 3 0 fxM sections of 
frozen tissue were disrupted in 600 /xl lysis buffer and 
homogenized. 600 /xl ethanol was then added to the lysate 
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and applied to RNeasy mini spin column. Following several 
washing steps, the contaminants were washed away and RNA 
was eluted in 40 fxl RNase free water. Total RNA prepared 
from lymphoma and neuroblastoma samples was used for in 
vitro transcription. About 1 fig of total RNA was used as 
template in a 25 /il RT reaction containing 4 0 ng of 
hexamer random primers. One fil of RT product was then 
used as template in a 25 /zl PCR reaction. Thirty cycles 
of amplification (30 sec at 94°C / 30sec at 58°C, 2 min at 
72 °C) were performed, and the porducts were analyzed on 
agarose gels. Four PCR primers and 6 sequencing primers 
were designed to analyze the whole ORF of Ku70. A 25 /il _ 
reaction contained 100 ng genomic DNA or l/jl RT product, 
10 pmol of each primer, IX Expand™ High Fidelity PCR 
buffer (Boehringer Mannheim), and 1.3 U Expand™ High 
Fidelity PCR System enzyme mix (Boehringer Mannheim ) . 
After an initial denaturation for 2 min at 94°C, 30 
cycles of 30 sec at 94°C, 30 sec at 58°C, and 2 min at 
72 °C, and final extension for 7 min at 72 °C were carried 
out in a PCR microtube thermal Cycler (Perkin Elmer) . 
Direct sequencing of PCR products was performed after 
pre-treatment by Pre-PCR sequencing kit (Amersham) using 
specifically designed sequencing primers. All mutations 
were confirmed by sequencing a newly amplified product. 



Immuno hi s t o c hemi s t r v 

Normal and tumor tissue samples from wild type and/or 
KU70* 7 " mice were fixed in either 10% buffered formalin 
and embedded in paraffin, or embedded in OCT compound 
{Miles Laboratories) and frozen in liquid nitrogen at - 
70°C. In addition, twenty-six human T-cell and B-cell 
lymphomas were also analyzed, in conjunction with human 
normal tissue samples of lymph node and spleen. 
Representative 5 mm sections of normal and tumor tissue 
samples from wild- type and Ku70" /_ mice, as well as the 26 
human lymphomas were used for immunophenotyping analyses 
using an avidin-biotin immunoperoxidase technique 
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(Cordon-Cardo and Richon, 1994, Serrano, et al . , 1996). 
Primary antibodies included ant i -mouse CD45 (purified rat 
monoclonal antibody, 1:500, PharMingen) , anti-mouse CD 3 

(purified rabbit serum, 1:1000, Dako) , anti-mouse B220 

(purified rat monoclonal antibody, 1:1000, PharMingen), 
anti-mouse CD19 (purified rat monoclonal antibody, 
1:1000, PharMingen), and rabbit anti-chromogranin A 

(purified rabbit serum, 1:1000, Dako), and were incubated 
overnight at 4°C. We also used a purified rabbit 
antiserum to the Ku70 nuclear protein (1:500 dilution) . 
Samples were subsequently incubated with biotinylated 
secondary antibodies (Vector Laboratories) for 30 min 

(goat anti-rabbit, 1:500; rabbit anti-rat, 1:100), and 
then with avidin-biotin peroxidase complexes (1:25 
dilution, Vector Laboratories) for 30 min. 
Diaminobenzadine was used as the chromogen and 
hematoxylin as the counter stain. Wild type lymphoid 
organs including thymus, spleen and lymph nodes from 
different mice were used for titration of the antibodies 
and positive controls. For negative controls, primary 
antibodies were substituted with class-matched but 
unrelated antibodies at the same final working dilutions 

(Ouyang, et al . , 1997). Identification of human Ku70 was 
achieved using the same purified rabbit anti-Ku70 
antiserum. For Ku70 expression, both nuclear and 
cytoplasmic immunoreactivit ies were examined; the 
intensity of the staining was scored as strong positive, 
moderate positive, weak positive and no staining. Nuclear 
and cytoplasmic immunoreactivit ies were classified as 
continuum data, i.e., from undetectable level or 0% to 
homogeneous staining or 100%. 

Flow cytometry analysis of the spontaneous tumors 

Cell lines were established from each primary tumor as 
follows. Samples of the tumors were dispersed into cell 
suspension and plated at various densities in RPMI 
supplemented with 10% heat -inactivated fetal bovine serum 



-69- 

and antibiotics. The cell cultures were split 1:2 and 1:4 
until they become established. For flow cytometry 
analysis, tumor cells of early passages were stained with 
combinations of antibodies specific for various T- and B- 
5 lymphocyte surface markers, such as PE- labeled ant i -mouse 

CD4 , and FITC-labeled anti-mouse CD8 , and analyzed on a 
Becton Dickinson FAC scan with Cell Quest software 
(Ouyang, et al . , 1997). 
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Third Series of Experiments 

Ku-deficient cells are sensitive to v-rays and 
chemo therapeutic agents 

Survival experiments using cells derived from either Ku70 or 
Ku80 knock-out mice have shown that these cells are very 
sensitive to Y- radiation and several chemotherapeutic 
agents, specifically those agents that induce DNA strand 
breaks, such as: bleomycin, etoposide, and adriamycin 
(Figure 12) . 

HSP7 0 promoter analysis 

Experiments were performed to test the transcriptional 
activity of the mouse hsp70 promoter. For these 
experiments, first, the plasmid N3Luc, a reporter gene 
construct which contains the mouse hsp70 promoter upstream 
of the firefly lucif erase gene was used for our studies. 
Cells were transiently transfected with this mouse hsp70 
promoter-driven lucif erase reporter gene construct. 
Comparison of the luciferase activity before and 8 hours 
after heat shocking the cells demonstrated that a) this 
promoter showed little "leakiness" (i.e. low transcription 
under normal conditions) and b) a high heat - inducible 
activity. The transcriptional activity after a 15 minute 
45°C heat shock was at least 30 fold increased relative to 
control levels. Other investigators have reported even 
higher induction levels (> 100 fold) for this promoter 
(Nguyen et al . , J. Biol. Chem. 264: 10487 (1989)). 

Mutant of the hsp7 0 promoter were then generated, including 
5' -deletion, linkerscanner mutations and point mutations, 
fused to the firefly luciferase reporter gene (the mutant 
N3Luc construct is designated AN3Luc) , and examined the 
heat -induced reporter gene expression. Our results showed 
that specific deletion (e.g., either at 5' or in the central 
region of hsp70 promoter) increased the heat induction of 
transcriptional activity (as measured by firefly luciferase 
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reporter gene activity) by an additional several fold when 
compared to the heat inducibility of the intact, not mutated 
promoter. Further data indicate that in cells deficient in 
Ku70 or Ku80 the heat induction of hsp70 promoter activity 
is further enhanced. 



Stable HeLa cells, containing human Ku7 0 cDNA or human Ku8 0 
cDNA, in the antisense orientation, under the regulation of 
the Tet-Off™ expression system (Clonetech) , were 
established. Upon induction of the expression system these 
10 cells should produce antisense Ku70 or Ku80 RNA, 

respectively. Experiments were performed showing (Figure 
IB 13) that expression of either Ku70 or Ku80 antisense RNA 

J; increased the cytotoxic effect adriamycin by 3-5 fold at 1 

gl /ig/ml and that expression of Ku70 antisense RNA increased 

15 the cytotoxic effect of yradiation approximately 5 fold (at 

H 6 Gy) . 

-3 
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Fourth Series of Experiments 



Catalytic subunit of DNA- dependent protein kinase: 
Impact on Lymphocyte Development and Tumorigenesis 

INTRODUCTION 

The DNA-dependent protein kinase (DNA-PK) consists of a 
heterodimer DNA-binding complex, Ku70 and Ku80, and a 
large catalytic subunit, DNA-PKcs. To examine the role 
of DNA-PKcs in lymphocyte development, radiation 
sensitivity, and tumorigenesis, we disrupted the mouse 
DNA-PKcs by homologous recombination. DNA-PKcs- null 
mice exhibit no growth retardation nor a high frequency 
of T-cell lymphoma development, but show severe 
immuodef iciency and radiation hypersensitivity. In 
contrast to the Ku70-/~ and Ku80-/- phenotype, 
DNA-PKcs -null mice are blocked for V(D)J coding but not 
for signal -end joint formation. Furthermore, 
inactivation of DNA-PKcs leads to hyperplasia and 
displasia of the intestinal mucosa, and production of 
aberrant crypt foci, suggesting a novel role of 
DNA-PKcs in tumor suppression. 

Severe combined immunodeficiency (SCID) mice are 
hypersensitive to radiation, deficient in DNA 
double- strand break repair and impaired in V(D)J 
recombination. Recent studies strongly suggest that the 
SCID defect lies in the gene encoding the catalytic 
subunit of DNA- dependent protein kinase DNA-PK(l-3) . 
DNA-PK is a serine/ threonine kinase consisting of a 
465-kDa catalytic subunit (DNA-PKcs) and a 
heterodimeric regulatory complex termed Ku, which is 
composed of a 7 0-kDa (Ku70) and an 8 6-kDa (Ku80) 
polypeptide. Although it is generally believed that Ku 
helps to recruit DNA-PKcs to DNA in vitro and is likely 
to be required for the physiological activation of 
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DNA-PK at the site of DNA damage (4,5), there is 
evidence at least in vitro that DNA-PKcs can itself 
bind to linear DNA fragments and become activated for 
kinase activity in the absence of Ku (6,7). It has been 
shown that the SCID phenotype correlates with a 
nonsense mutation at Tyr-4046 in the extreme 
carboxyl- terminal region of the DNA-PKcs gene (8-10) . 
This T to A transversion results in the substitution of 
ocher termination codon and a loss of 83 amino acids 
from the extreme C- terminal end (9, 10) . Therefore, one 
plausible reason for the "leaky" phenotype of SCID is 
that the truncated DNA-PKcs protein has weak activity, 
but functionally sufficient for some T-cell 
development. Recently, Jhappan et al . (11) generated 
homozygous mice from the transgenic mice harboring the 
yeast cAMP phosphodiesterase gene (designated Sra5-1 or 
slip mouse) . The Sra-1 homo zygotes were found to be 
immunodef icient , lack mature lymphocytes, suggesting 
that the transgene had integrated into a gene required 
for the normal development of T and B cells. The 
integration of the transgene was subsequently shown to 
occur directly into the DNA-PKcs locus, as suggested by 
chromosomal localization of the transgene, the 
complementation experiments with SCID mice, and the 
depleted levels of DNA-PK activity. The most striking 
difference from SCID phenotype, however, is the strong 
predisposition to thymic lymphoblastic lymphomas which 
arise in slip mice with complete penetrance. In 
contrast, lymphoma develop in only about 15% of CB-17 
SCID mice , and have not been reported for Ku80 null 
mice. Integration of these data to generate a global 
model for the role of DNA-PK complex in 

tumorigenesis/or tumor suppression is simply difficult. 
First, assuming that DNA-PK activity requires the 
assembly of Ku and DNA-PKcs on DNA breaks, then 
comparison between the Ku80-/- (no tumor development) 
and slip phenotype (10 0% penetrance of tumor 
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development) suggests that DNA-PK kinase activity is 
not required for tumor suppression. Perhaps other 
distinct functions for this kinase molecule, 
independent of Ku, are involved in tumor suppression, 
and inactivation of which leads to the predisposition 
of thymic lymphoma as seen in the slip mice. It is also 
plausible that in the generation of slip mice, the 
multiple copies of transgenes incorporated in DNA-PKcs 
locus may affect the adjacent gene(s) expression, for 
example, via methylation or positioning effect. One of 
these cis-activated/inactivated genes may function as 
an oncogene /tumor suppressor gene. 

To elucidate the function of the individual components 
of DNA-PK in vivo, we have previously generated Ku70-/~ 
and Ku80-/~ mice (13, 16). In the present study, we 
disrupted DNA-PKcs gene via homologous recombination. 
In the resultant DNA-PKcs- / - mice, T- and B-lymphocyte 
development was arrested, V{D)J coding-end 
rearrangement was deficient, but V(D)J signal -end 
joining ability was intact. DNA-PKcs-null mice exhibit 
no growth retardation nor a high frequency of T-cell 
lmyphoma development. Furthermore, inactivation of 
DNA-PKcs leads to hyperplasia and displasia of the 
intestinal mucosa, and production of aberrant crypt 
foci, suggesting a novel role of DNA-PKcs in tumor 
suppression. 

MATERIALS AND METHODS 

Targeted Disruption of DNA-PKcs and Generation of 
DNA-PKcs-/- Mice 

Mouse genomic DNA-PKcs gene was isolated from sCos-I 

cosmid library constructed from a mouse strain 12 9 

embryonic stem (ES) cell line. The targeting vector 

was constructed by substituting half of the exon 3 and 
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part of the intron 3 with* PGK-neo gene. The targeting 
construct was linearized with NotI and transfected into 
CJ7 ES cells by electroporation . Four hundred clones 
were screened and eight positive pools were initially 
identified by PCR. One positive ES clone carrying the 
targeted mutation of DNA-PKcs was identified by second 
round PCR, and further confirmed by Southern blot 
analysis. This positive ES clone was injected into 
C57BL/6 blastocysts and surgically implanted into 
pseudopregnant females to generate chimeric mice. The 
chimeras were crossed with C57BL/6 females, resulting 
in five mice with germline transmission out of seven 
males screened. The DNA-PKcs-/- mice were obtained by 
intercrossing DNA-PKcs+/- mice. CB-17 SCID mice were 
obtained from Taconic (Germantown, NY) . 

The genotype of the mice was determined by PCR which 
distinguishes endogenous from the targeted DNA-PKcs 
allele. PCR reaction contains 1 //g genomic DNA; 0 . 6 
(each) of primers MD-20: TATCCGGAAGTCGCTTAGCA-TTG ; 
MD - 2 1 : AAGACGGTTGAAGTCAGAAGTCC ; and POL - 8 : 
TTCACATACACC - TTGTCTCCGACG ; 0.2 mM (each) dNTP ; 1 . 5 mM 
MgCl 2 and 2 . 5U of Taq polymerase. Primers MD-2 0 and 
MD-21 give a product of wild type allele that is 264 
bp; primers MD-2 0 and Pol -8 yield a product of the 
targeted allele that is 3 60 bp. 

Establishment of Primary and SV40 Transformed Cell 
Lines 

Primary lung fibroblast cells were isolated from 
4 -week-old DNA-PKcs wild type ( + / + ) , heterozygous 
(+/-), homozygous (-/-) mice, and CB-17 SCID mouse . 
Cells were maintained at 37" C in a humidified 
atmosphere of 5% C0 2 in air using alpha -MEM medium 
supplemented with 10% fetal calf serum, 100 Unit/ml 
penicillin and 100 //g/ml streptomycin. SV40 
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transformed lung fibroblast were obtained by 
transfecting SV4 0 T-antigen expression plasmid using a 
calcium phosphate transfection system (Cat . #18306- 019 , 
Gibco BRL, Gaithersburg , MD) . 

RT-PCR, Western Blot Analysis and in vitro kinase assay 

For RT-PCR assay, total RNA was prepared from SV4 0 
transformed lung fibroblast cells using Qiagen RNeasy 
kit (Qiagen Inc., Santa Clarita, CA) . After digestion 
of contaminated genomic DNA by DNase I (Ambion, Austin 
TX) , cDNA synthesis was carried out with the 
Superscript preamplif ication system (Gibco BRL, 
Gaithersburg, MD) according to the included protocol. 
PCR primers used for RT-PCR were MD-3: 

ATCAGAAGGTCTAAGGCTG6AAT , MD-5: CGTACGGTGTTGGCTACTGC for 
amplification between exon 1 and 4 of DNA-PKcs , MD-28: 
CACTGAGGGCTT - TCCGCTCTTGT , MD -29: 

GCTCTTGTGCACGAATGTTGTAG for PI -3 kinase domain, and 
GA-5: AGAAGACTGTGGATGGCCCC , GA-3: AGGTCCACCACCC - TGTTGC 
for control GAPDH amplification. 

Whole cell extracts were prepared as described 
previously (15) . Protein concentration of the extracts 
was determined by Bradford analysis using BSA as a 
standard. Western blotting analysis of DNA-PKcs and 
Ku70 was performed as described previously (16) using 
the DNA-PKcs monoclonal antibody [42-26] and 
anti-mouse Ku70 goat -polyclonal antibody M-19 (Santa 
Cruz Biotechnology Inc., Santa Cruz, CA) . 

Histology and Cell Preparation and Flow Cytometric 
Analysis 

To determine the pathological changes, histological 
sections of various organs of DNA-PKcs- /- and wild-type 
littermate mice were prepared and examined as 
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previously described (16, 18) . For flow cytometry, 
single cell suspensions from lymphoid organs of 4- to 
9-week-old mutants, their littermate controls and CB-17 
SCID mice were prepared for staining as described 
previously (16) and analyzed on FACScan with Cell 
Quest software (Becton Dickinson, San Jose, CA) . Cells 
were stained with combinations of PE-labeled anti-CD4 
and FITC- labeled anti-CD8, or PE-labeled anti-B22 0 and 
FITC-labeied anti-CD43, or FITC-anti-IgM and 
PE-anti-B220 (PharMingen) , as needed. Bone marrow 
cells were harvested from femurs by syringe lavage, and 
cells from thymus and spleen were prepared by 
homogenization. Ceils were collected and washed in PBS 
plus 5% FCS and counted using a hemacytometer. Samples 
from individual mice were analyzed separately. Dead 
cells were gated out by forward and side scatter 
properties. Experiments were performed at least three 
times and yielded consistent results. 

DNA Preparation and Analysis of V(D )»J Recombination 
Products 

T cell antigen receptor (TCR) and immunoglobulin 
recombination in T and B lymphocytes were measured by 
amplifying rearranged DNA fragments using PCR. Genomic 
DNAs were isolated from thymus, spleen and bone marrow 
(BM) from 4 -to 9-week-old DNA-PKcs heterozygous (+/-), 
homozygous (-/-) mice and SCID mice. Oligonucleotides 
for PCR primers and probes are as follow. For TCR p 
V8-J2 rearrangement (16), V.8.1: GAGGAAAGGTGACATTGAGC , 
j 2 . 6 : GCCTGGTGCCGGGACCGAAGTA , and V 8 probe : 
GGGCTGAGGCTGATCCATTA . For TCR 6 D ff 2-J ff l rearrangement, 
DR6: TGGCTTGACATGCAGAAAACACCTG , DR53 : 
TGAATTCCACAGTCACTTGGGTTC , and DR2 probe: 
GACACGTGATACAAAGCCCAGGGAA . For TCR^ D,2-J,l signal 
joint (19), DR21: GTCATATCTTGTCCAGTCAACTTCC , 
DR162 : GATGAGCCAGCTGGATGAGTAACAC , and DR161 probe: 
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GCCCTCTAGCCATGACA TCAGAGC . For immunoglobulin 
V H 7183-J H 4 rearrangement (19) , DR214: CGCGAAGCTTCGT 
GGAGTCTGGGGGA , DR217: GGGGAATTCCTGAGGAGACGGTGACT , and 
DR218 probe: ACCCCAGTAGTCCATAGCATAGTAAT . For control 
GAPDH amplification, same primers were used as RT-PCR 
experiment . Probe DNA for mouse GAPDH was purchased 
from Ambion Inc . (Cat . #733 0 , Austin TX) . Amplified PGR 
products were resolved on 2% of agarose gel in 0 . 5x 
TBE, and transferred to Hybond N+ nylon membrane. 
Using radiolabeled oligonucleotide or DNA probes, PCR 
products were hybridized and visualized by 
autoradiography . 

Radiation Survival Assays 

Survival curves for each cell line were obtained by 
measuring the colony- forming ability of irradiated cell 
populations. Cells were plated on 60-mm plastic petri 
dishes and irradiated with 137 Cs (y-rays at the rate of 
2.2 Gy/min to achieve a cumulative dose of 1 , 2 , 3 or 5 
Gy 2 hrs after plating. After 7 days cells were fixed 
and stained with 1% crystal violet in a 70% ethanol 
solution and colonies which contained more than 2 0 
cells were scored and the mean value for triplicate 
culture dishes was determined. Cell survival was 
normalized to plating efficiency of untreated controls 
for each cell type. 

RESULTS 

Targeted disruption ' of DNA-PKcs gene 

To determine the roles of DNA-PKcs in vivo, we targeted 
DNA-PKcs in mice via homologous recombination. DNA-PKcs 
gene was inactivated by substituting 3'-half of the 
exon 3 and part of the intron 3 with PGK-neo gene 
(Figs. 15A and 15B) i Mice heterozygous for the targeted 
DNA-PKcs allele did not show any detectable defects 
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compared with the wild type littermates. These PKcs+/- 
heterozygotes were subsequently bred with each other 
qenerating PKcs-/- homozygotes in 25% of the offspring. 
Therefore, disruption of DNA-PKcs gene did not result 
in embryonic lethality. Adult PKcs /- mice are fertile, 
and give comparable litter size (about 6 pups) relative 
to PKcs+ /- or PKcs+/+ mice (about 8 pups) . In contrast 
to the 50% smaller body size of KulO-/- and Ku80-/- 
mice (13; 16), PKcs-/- mice were about the same size as 
their PXcs+/- and PXcs+/+ littermates. 



To confirm that the disruption produced a null 
mutation, DNA-PKcs mRNA and protein expression were 
analyzed by RT-PCR, Western blotting and in vitro 
DNA-PK kinase assay. It is clearly shown in Fig. 1C 
that the RT-PCR products between exon 1 and exon 4 were 
absent in DNA-PKcs-/- cells. DNA-PKcs immunoreactivity 
was undetectable (Fig. 15D) , and there was no kinase 
activity in DNA-PKcs-/- fibroblasts (data not shown) . 
The levels of DNA- binding component, the Ku7 0 and Ku80 
proteins, were similar to that of the wild- type 
controls (Fig. 15D and data not shown) . 

Development of T- and B- lymphocytes is blocked at early 
stage in DNA-PKcs-/- mice 

To determine whether there were specific pathological 
changes in the targeted mice, we examined the histology 
of various organs (Fig. 16A) . With the exception of 
their lymphoid organs and gastrointestinal tract, 
DNA-PKcs-/- mice appeared normal. Spleen and lymph 
nodes were disproportionately smaller by 5-10 fold 
relative to controls and were devoid of lymphocytes. 
The DNA-PKcs-/- thymus was also disproportionately 
smaller, had no cortical -medullary boundary, and 
contained 50-100-fold fewer thymocytes than wild-type 
littermates (2-6 x 10 6 and 2 x 10 s , respectively) . In 
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addition, the gut -associated lymphoid tissue, 
specialized structures called Peyer's patches in the 
small intestine, was drastically reduced or absent. 

To examine the immunological defect in DNA-PKcs- / - 
mice, cells from thymus, bone marrow and spleen were 
labeled with monoclonal antibodies specific for 
lymphocyte surface markers and analyzed using 
multiparameter flow cytometry. Consistent with the 
histological data, there was a complete absence of 
mature B cells in the spleen (Fig. 1GB) . Examination of 
the bone marrow showed that B-cell development was 
blocked at early progenitor B220+ CD43+ stage. 

DNA-PKcs- / thymus displayed variable contents of cells 
expressing CD4+CD8+ thymocytes (1-7%) , although 
CD4-CD8- cells usually made up the majority population 
(-95%) . The spleen cells from DNA-PKcs- / - mice 
contained detectable CD4+ single positive T cells 
(1-5%), which was slightly more than that reported for 
SCID mice. Taken together, the immunological phenotype 
in DNA-PKcs-/- mice closely resembles that of SCID, but 
differs from those of Ku80-/- and Ku70-/- mice (13, 
16) . In terms of successful T-cell development, the 
rank order is wild type, Ku70-/-, DNA-PKcs-/- , SCID, 
Ku80-/-, with Ku80-/- being the most deficient. 

T-cell receptor and immunoglobulin gene rearrangement 

To determine whether a null mutation in DNA-PKcs 
affects rearrangements of antigen-receptor gene 
segments in T and B ' lymphocytes in vivo, DNA from the 
bone marrow was amplified with primers specific to 
immunoglobulin V-DJ H rearrangements, and DNA from the 
thymus was amplified with primers that detect V-DJ p and 
D 6 - Jj- rearrangements (Fig. 16C) . Similar to that found 
in SCID mice, V-DJ H rearrangements were not detected in 
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DNA-PKcs-/- B cells, possibly accounting for the 
absence of mature B cells in these mutant mice. 

DNA-PKcs -/- T cells in the thymus and spleen do 
undergo V> s 2-J s j recombination at a level which is 
5 similar to that found in SCID mice and in the 

heterozygous littermates. However, the V-DJ p 
rearrangements were significantly reduced in both 
quantity and diversity (Fig. 16C) . Signal joint 
formation of D^-J^ rearrangements in both DNA-PKcs- / - 

10 and SCID mice shows, however, much higher signals than 

control heterozygous littermates. In conclusion, our 
results demonstrate that DNA-PKcs is required for 
coding but not for signal joint formation in mice, a 
phenotype that closely resembles that found in SCID 

15 mice, but distinctly different from the Ku70-/- or 

Ku80-/~ mice. 

Absence of DNA-PKcs confers radiation hypersensitivity 

To demonstrate that inactivation of DNA-PKcs leads to 
hypersensitivity to ionizing radiation, monolayers of 

20 DNA-PKcs-/- , DNA-PKcs+Z- , and DNA-PKcs+/+ lung 

fibroblasts were exposed to graded doses of 
(y- irradiation (0-5 Gy) , and survival was determined by 
the colony formation assay. Figure 17 clearly shows 
that DNA-PKcs-/- cells were much more radiosensitive 

25 than the heterozygous and the wild type controls, with 

a >100-fold difference in survival after 5 Gy of 
(y-irradiation. The radiation dose-response curve of 
DNA-PKcs-/- cells was, however, nearly identical to 
that of the SCID lung fibroblast cells. 

30 Preneoplastic lesions in DNA-PKcs- /- mice 



Recently, Jhappan et al (11) reported that the 
integration of a transgene at the DNA-PKcs locus 
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resulted in strong predisposition to thymic 
lymphoblastic lymphomas, which arise in slip mice with 
complete penetrance. To examine whether our DNA-PKcs- / - 
mice are also susceptible to tumor development, we 
5 randomly assigned litters arising from heterozygous 

intercrosses (e.g., PKcs+A, PXcs+/- and PKcs-/-) as 
well as homozygous crosses, and monitored the mice 
daily for tumor development and survival . None of the 
DNA-PKCS+/+ (n = 59) and DNA-PKcs+/- (n = 102) 
10 iittermates developed tumors through an observation 

period of twelve months. Among 12 0 DNA-PKcs-/ - mice, 
only 3 developed thymic lymphomas between 3 to 12 
months of age, in sharp contrast to the observation 
with slip mice. 

15 Autopsy examination ' of the lower gastrointestinal tract 

revealed the lack of mature Peyer's patches in 
DNA-PKcs- / - mice. In addition, we observed an increase 
in cellularity in the colonic glands, which was 
confirmed by the Ki67 proliferative index (data not 

2 0 shown) . In each of 21 randomly selected, healthy 

DNA-PKcs- /- mice (ages between 1 to 6 months) , we found 
intestinal segments with inflammatory infiltrates 
composed of polymorphonuclear cells, resulting in 
histopathological changes compatible with inflammatory 

25 polyps (Fig. 18A) . In addition, in 15 of these 21 null 

mice, we detected the presence of hyperplastic polypoid 
lesions, composed of well differentiated colonic 
epithelial cells with foci of mild to moderate 
dysplasia (Fig. 18B) . In eight cases we found areas of 

30 moderate to severe dysplasia. In the cases with severe 

dysplasia, we further identified areas of loose 
connective tissue stroma and dysplastic cells intruding 
the core of the stalk, suggesting invasion into the 
lamina propria (Fig. 18C) . Furthermore, three of these 

35 cases revealed segments of colonic mucosa replaced by 

flat lesions composed of dysplastic cells, reminiscent 
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of the so-called aberrant crypt foci (Fig. 18D) . In two 
of these cases, these changes were observed along all 
intestine, including the small bowel. 

DISCUSSION 

In summary, we carried out targeted disruption of 
DNA-PKcs-/- gene in mice via homologous recombination. 
In the resultant DNA-PKcs-/- mice, both T- and 
B- lymphocyte development were arrested at early 
progenitor stages, V{D)J coding-end rearrangement 
deficient, but V(D)J signal -end joining ability intact. 
DNA-PKcs-/- fibroblasts are hypersensitive to radiation 
and deficient in the repair of DNA double strand breaks 
(data not shown) . Taken together, our data conclusively 
demonstrate DNA-PKcs- /- is essential for the 
development of T- and B- lymphocytes . We have also 
provided direct and definitive genetic evidence that 
the SCID phenotype is caused by the alteration of 
DNA-PKcs protein. The striking similarity between 
DNA-PKcs-/- and SCID mice in terms of their lymphocyte 
development and V(D)J recombination suggest that the 
"leaky" phenotype frequently observed in the lymphocyte 
development of SCID mice may not be due to the 
"leakiness" of DNA-PKcs expression. Thus, there may 
exist alternate, perhaps less efficient, pathways in 
V(D)J recombination " and lymphocyte development. 

Of significant interest are three other novel findings. 
First, during an 12 -month observation period, only 3 
out of 12 0 DNA-PKcs-/- mice developed thymic lymphoma. 
This low frequency of thymic lymphoma is similar to 
that observed in Ku80-/- and SCID mice, but distinctly 
different from KulO-/- mice and slip mice in which 
DNA-PKcs locus was disrupted by the integration of a 
transgene (11) . The marked difference between 
DNA-PKcs-/- (with a less than 3% incidence of 
spontaneous tumor development) and slip mice (which 
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show strong predisposition to thymic lymphoblastic 
lymphomas) raises the question for the role of DNA-PKcs 
in lymphomagenesis . While DNA-PKcs plays a crucial role 
in DNA DSB repair and V(D)J recombination, our data 
suggest that the DNA-PK catalytic subunit is not 
essential for T-cell tumor suppression. Differences in 
genetic background are unlikely to contribute to the 
different phenotypes of Ku70-/- and Ku80-/- and 
DNA-PKcs-/- in the development of tumors. All of our 
Ku70-/- and Ku80-/- and DNA-PKcs-/- strains were in a 
mixed 129/SV x C57BL/6 background and were generated in 
the transgenic mouse core facility at Memorial 
Sloan- Kettering Cancer Center using identical 
protocols. Furthermore, an independently derived line 
of DNA-PKcs-/- mice had a phenotype essentially 
identical to that we described (20) . And, up-to-date, 
the propensity for lymphoma development has not been 
reported in DNA-PKcs-def icient mice generated via 
targeted disruption (20, 21) . 

Second, that DNA-PKcs-/- 'mice are able to carry out 
signal -end rejoining and exhibit no growth retardation, 
in contrast to Ku70-/- and Ku80-/~ animals (13, 16, 
22) , strongly suggests that Ku proteins may have 
functions in V(D)J recombination and DNA damage repair 
that are independent of DNA-PKcs . 

Third, and perhaps most interesting, is the propensity 
of DNA-PKcs-/- mice for development of hyperplastic 
polyps and aberrant crypt foci (ACF) in the intestine. 
These changes are considered preneoplastic lesions and 
carcinoma in situ-like lesions in carcinogen-treated 
rodents and in humans with a high risk for developing 
colorectal malignancy (23-27) . Our results clearly show 
that inactivation of DNA-PKcs leads to hyperplasia, 
dysplasia of intestinal mucosa and production of 
aberrant crypt foci, suggesting a role of DNA-PKcs in 
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tumor suppression . 

Carcinogenesis is a complex, multistep process, 
involving multiple events occurring at molecular, 
cellular, and morphological levels. Because colon 
5 tumors evolve through well-defined morphological 

sta g eS/ an elegant model for colorectal tumorigenesis 
has been established (26) . The development of 
colorectal tumors appears to be initiated by mutations 
at the APC tumor suppressor gene, which leads to the 

10 formation of benign adenomas. Sequential mutations in 

RAS , DCC and p53 tumor suppressor genes appear to 
complete the process, that finally result in 
progression from the benign to malignant state. Recent 
studies of two distinct hereditary syndromes, Familial 

15 Adenomatous Polyposis (FAP) and Hereditary Nonpolyposis 

Colorectral Cancer (HNPCC) (27) suggest that the 
genetic defect in FAP affects the rate of tumor 
initiation by disrupting the "gatekeeper" function of 
APC gene. In contrast, the defect in HNPCC largely 

2 0 affects tumor progression by targeting the genome 

guardian function of DNA mismatch repair genes (MMR) . 
It is plausible that mutation in DNA-PKcs , in addition 
to alterations in APC gene, may affect the initiation 
of a colorectal tumor or result in a predisposition to 
25 such tumors. Alternatively, defect in DNA-PKcs may 

affect tumor progression, a "caretaker" role similar to 
that proposed for the MMR genes. It has been shown that 
DNA-PKcs phosphorylates many transcription factors in 
vitro (28-31), suggesting the involvement of DNA-PKcs 

3 0 in transcription regulation. Although it remains to be 

proven, it is likely that the potential tumor 
suppressor function of DNA-PKcs may be related to the 
transcription control activity of this kinase molecule. 
Further investigations should reveal how DNA-PKcs 
35 exerts its effect and why mutations in different 

components of the DNA-PK complex result in discrete 
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